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Outdoor urban spaces such as streets, plazas, squares and parks, are the major outdoor 
spaces for people to take a walk or engage in recreation and social activities. A 
comfortable thermal environment is extremely important for people to enjoy the 
outdoor urban spaces. In countries like Singapore, where tourism is an important 
source of income and outdoor activity is expected in most places of attractions, 
thermal comfort in urban spaces is a crucial issue. Understanding the characteristics 
of urban outdoor microclimate and the thermal comfort implications for people opens 
up new possibilities for the development of urban spaces. However, the quantification 
of outdoor thermal comfort is a relatively new area of inquiry. Although several 
thermal indices have been developed to assess outdoor thermal comfort, all the 
indices are not directly linked with human thermal sensation, which makes them 
difficult to be interpreted by urban designers. 
The aim of this study was to investigate outdoor thermal comfort in urban spaces in 
Singapore. The outdoor thermal comfort investigation and outdoor thermal comfort 
prediction model proposed in this study were based on field surveys which consisted 
of both physical measurement and subjective measurement. The urban design 
strategies discussed in this study were based on the proposed thermal comfort 
prediction model and ENVI-met numerical simulation.  
For the outdoor thermal comfort investigation, it was found that besides 
microclimatic parameters, thermal adaptation factors like thermal experience and 
adaptive behavior also had significant effects on human thermal sensation. The 
comparative analysis of outdoor thermal comfort between Singapore and Changsha, 
China further indicates that occupants have different thermal comfort requirements in 
different regions due to human thermal adaptation. Thus the quantification of outdoor 
thermal comfort should consider both microclimatic and thermal adaptation factors. 
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Based on the data from field survey, an outdoor thermal comfort prediction model 
was proposed for Singapore. The outdoor thermal comfort prediction model was 
developed based on different statistical techniques. The proposed TSV-PD model is 
applicable to outdoor urban spaces in Singapore and is different from the PMV-PPD 
model which is prescribed for indoor spaces. This model can be applied by urban 
designers to evaluate the thermal sensation of users under certain outdoor thermal 
environment.  
The effect of urban design on outdoor thermal comfort was quantitatively analyzed in 
this study. The results show that outdoor thermal comfort can be improved by means 
of appropriate urban design since street orientation, aspect ratio (H/W) and vegetation 
were all found to affect human thermal comfort in outdoor urban spaces.  
This study provides valuable information regarding outdoor thermal comfort in 
Singapore as well as the impact of human thermal adaptation on outdoor thermal 
comfort. This study also provides a link between the theoretical knowledge on human 
thermal comfort and the practical urban design process. The outdoor thermal comfort 
model proposed in this study provides a useful tool for urban designers to assess the 
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Chapter 1 Introduction 
1.1 Background 
Singapore is commonly known as the ‘Garden City’ and 50% of the country is 
covered by greenery. However, urbanization has resulted in the disappearance of most 
primary rainforest in Singapore, which in turn has modified the local climate 
condition. One of best known effects is the urban heat island, which is the 
phenomenon that urban air temperature is higher than that of the surrounding rural 
environment (Wong et al., 2012). One study indicated the presence of urban heat 
island effect and observed a maximum temperature difference of 4.0 oC between well 
planted area and the central business district area in Singapore (Wong and Chen, 
2005). Apart from urbanization, climate change is also a factor contributing to 
warmer climate in Singapore. A prediction study shows the average temperature of 
Singapore in year 2080 will be about 2oC higher than the current condition (Wong, 
2013). The warmer urban climate may have some negative impacts on outdoor 
thermal comfort of people in Singapore. How does the outdoor thermal environment 
affect human thermal comfort perception in Singapore? Which climatic variable has 
the most significant influence on human thermal sensation? Understanding the 
characteristics of urban microclimate and the thermal comfort implications for people 
opens up new possibilities for the development of urban spaces (Nikolopoulou and 
Lykoudis, 2006). 
Over the years, many studies on urban microclimate and thermal comfort have been 
conducted in different outdoor spaces and under different climatic conditions. Some 
studies focused on cold and temperate climate (e.g. Mayer and Höppe, 1987; 
Nikolopoulou et al., 2001; Nikolopoulou and Lykoudis, 2006; Thorsson et al., 2004; 
Mayer et al., 2008; Kántor et al. 2012a; Kántor et al. 2012b; Krüger et al. 2013). 
Some others studies dealt with outdoor thermal comfort in the subtropical climate (e.g. 
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Höppe and Seidl, 1991; Spagnolo and de Dear, 2003a; Givoni et al., 2003; Ng and 
Cheng, 2012; Hwang et al., 2010; Lin et al., 2011; Cohen et al., 2012). Some other 
studies investigated the tropical climate (e.g. Ahmed, 2003; Lin and Matzarakis, 2008; 
Mahmoud, 2011; Makaremi et al., 2012; Bröde et al., 2012b; Krüger et al., 2011).   
The above studies reviewed provided valuable information on understanding the 
effects of outdoor microclimatic conditions on human thermal comfort as well as the 
use of outdoor spaces. It can be seen that outdoor thermal comfort in urban spaces is a 
complex issue and has become an increasingly prominent and hotly debated topic as 
reflected in the literature (Vanos et al., 2010). Empirical data from field surveys on 
the subjective human perception in the outdoor context is still needed, as this would 
provide a broader perspective from which to view comfort in urban spaces 
(Nikolopoulou and Lykoudis, 2006). Although some outdoor thermal comfort studies 
were conducted in tropical climate, relatively little research has been conducted in the 
context of Singapore. Singapore's climate is characterized by a relatively uniform 
high temperature combined with high humidities (de Dear, 1989). The climatic 
variables such as temperature and humidity do not show large month-to-month 
variation. Due to its special climatic conditions, outdoor thermal comfort in 
Singapore may have different characteristics compared with other places. In addition, 
some studies on outdoor thermal comfort in tropical climate were based on field 
measurements and used thermal indices like PET but did not calibrate the thermal 
indices against subjective comfort votes (e.g. Johansson, 2006; Johansson and 
Emmanuel, 2006; Krüger et al. 2011). Thus, it is worthwhile to carry out a 
comprehensive field study to evaluate the outdoor thermal environment conditions 
and human thermal comfort perceptions in Singapore. 
Outdoor thermal comfort studies have revealed that a purely physiological approach 
is inadequate to characterize the thermal comfort conditions outdoors, and thermal 
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adaptation, which involves behavior adjustment (personal, environmental, 
technological or cultural), physiological factor (genetic adaptation or acclimatization) 
and psychological factor (habituation or expectation), plays an important role in the 
assessment of thermal environments (Brager and de Dear, 1998; Nikolopoulou et al., 
2001; Nikolopoulou and Steemers, 2003; Thorsson et al., 2004; Knez et al., 2009; Lin, 
2009). Although thermal adaptation has been the focus of many thermal comfort 
studies in both indoor and outdoor conditions, few evidence of thermal adaptation has 
been explored and most of the evidences investigated focused on behavior adjustment 
(Nikolopoulou and Lykoudis, 2006; Lin, 2009) and the difference between air 
conditioned (AC) and naturally ventilated (NV) spaces (Brager and de Dear, 1998; 
Yang and Zhang, 2008; Ng and Cheng, 2012). Thus, it is necessary to explore some 
more aspects of thermal adaptation besides behavior adjustment and differences 
between AC and NV environment. 
One important issue of thermal adaptation is the differences of thermal comfort 
requirements between indoor, semi-outdoor and outdoor conditions and only a few 
attempts have been made to understand the differences. Höppe (2002) mentioned that 
the physiological and psychological factors needed to be considered and different 
approaches were necessary for assessing indoor or outdoor thermal comfort. Hwang 
and Lin conducted a study to investigate thermal comfort requirement for occupants 
of semi-outdoor and outdoor environments and the results indicated that occupants of 
semi-outdoor and outdoor environments were more tolerant regarding thermal 
comfort than occupants of indoor environments (Hwang and Lin, 2007). Since several 
thermal comfort studies under indoor conditions (Wong and Khoo, 2003; Feriadi, 
2004) and semi-outdoor conditions (Song, 2006) have been conducted in Singapore, 
it would be interesting to compare the human thermal sensation in outdoor condition 
with those in indoor and semi-outdoor conditions. 
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According to adaptive theory which was based on 21,000 observations from 160 
buildings from  four continents over the world (Brager and de Dear, 1998; 
Humphreys and Nicol, 1998), individuals can adapt themselves to outdoor thermal 
conditions and the temperatures customary for comfort vary geographically and 
seasonally with the climate (Humphreys et al., 2007). Knez and Thorsson (2006) 
found that people living in different cultures with different environmental attitudes 
would psychologically evaluate a Swedish and a Japanese square differently despite 
similar thermal conditions. Zhang et al. (2010) also indicated that thermal sensitivity 
may be relevant to the annual variation of outdoor climate and people can develop 
various human-environment relationships through thermal adaptation to local climate. 
From the above review, it can be hypothesized that occupants in Singapore should be 
well adapted to Singapore climate, and occupants in Singapore should have different 
thermal comfort requirements for the outdoor urban spaces compared with occupants 
in other places with different outdoor climate variations. This hypothesis needs to be 
tested by examining whether respondents have different thermal responses in 
different regions. This study involves a detailed comparative analysis of occupants’ 
thermal comfort requirements in Singapore and Changsha, China.  
Outdoor thermal comfort of people is affected by outdoor thermal environment, and 
outdoor thermal environment is significantly affected by the design of built 
environment (Hwang et al., 2011). Thus, there is a need to understand the relationship 
between urban design and outdoor thermal comfort to develop bioclimatic urban 
design guidelines. In order to evaluate the importance of modifying the outdoor 
climate in a particular direction by specific design details, it would be helpful if the 
designer would have some means for ‘predicting’ the effect of a particular change in a 
climatic element on the comfort of persons staying outdoor (Givoni et al., 2003).  
Urban designers in Singapore still have not understood or considered how their 
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design strategies can reduce the occurrence of thermal discomfort and lengthen the 
comfort time of an outdoor urban space. The major reason is that there is no 
quantitative analysis tool for them to evaluate the human thermal comfort of the 
outdoor urban spaces that they designed. In order to solve this problem, setting up a 
thermal comfort prediction model which plays the role of linking urban design 
strategies with outdoor thermal comfort, is a task of top priority.  
With respect to urban design, studies directly focusing on the effect of urban design 
strategies on outdoor thermal comfort are dramatically lacking. Many studies 
considered only air temperature and expressed it as a cooling effect to improve 
outdoor thermal comfort (e.g., Coronel and Alvarez, 2001; Wong et al., 2007; 
Priyadarsini et al., 2008). Actually this approach is inaccurate and valid only in areas 
where the mean radiant temperature is nearly equal to air temperature and the wind 
speed very weak (Ali-Toudert, 2005). Better than using air temperature, some studies 
used PET (physiologically equivalent temperature) (VDI, 1998; Höppe, 1999; 
Matzarakis et al., 1999) as the thermal comfort index to quantify human thermal 
comfort in outdoor urban spaces (Knez and Thorsson, 2006; Lin and Matzarakis, 
2008; Lin, 2009; Lin et al., 2010; Ng and Cheng, 2012; Cohen et al., 2012). Although 
PET, which takes into account four environment parameters (air temperature, 
humidity, wind speed and mean radiant temperature), has some advantages over the 
individual parameters in the assessment of outdoor thermal comfort, it is still difficult 
to interpret the meaning of one PET value for the thermal comfort of people precisely 
(Ali-Toudert and Mayer, 2006).  
One reason for the limited number of field studies on outdoor thermal comfort in 
relation to urban design is the difficulty in performing comprehensive field 
measurement to measure all the microclimatic variables. Another reason for paucity 
of studies on this topic is the difficulty in getting human subjective comfort data 
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(questionnaires). More effort has been put into modeling urban thermal comfort (the 
indices) because that is relatively easy compared to talking to human subjects with a 
questionnaire. Thus, further environmental psychology studies are required in order to 
develop a thermal comfort index or model which is directly linked with human 
thermal sensation. The proposed thermal comfort index or model, which is dedicated 
to the special interest and needs of urban planners and designers, should be easy to 
use and easy to understand.  
With respect to the urban microclimate modeling, ENVI-met is a numerical 
simulation program which uses a three-dimensional computational fluid dynamics 
and energy balance model (Bruse, 1999). The model has a high spatial and temporal 
resolution enabling a detailed study of how the microclimate varies within the studied 
space over time. The model gives a large amount of output data including the 
necessary variables to be able to calculate thermal comfort indices. In this study, 
urban design strategies that can improve the outdoor thermal comfort in urban spaces 
in Singapore are investigated by using the proposed outdoor thermal sensation 
prediction model and ENVI-met numerical model.  
1.2 Research objectives 
The main aim of this study was to investigate thermal comfort in outdoor urban 
spaces in Singapore. The specific objectives of this research can be described as 
follows: 
1 To investigate thermal comfort perception and thermal preference of people in 
outdoor urban spaces in Singapore. 
2 To study the impact of thermal adaptation on outdoor thermal comfort and compare 




3 To develop an outdoor thermal comfort prediction model for Singapore by 
considering both microclimatic variables and human thermal adaptation factors. 
4 To evaluate the effect of urban design on outdoor thermal comfort in urban spaces 
in Singapore by using the proposed outdoor thermal comfort prediction model and 
ENVI-met numerical simulation. 
1.3 Significance of the study 
This study is the first and most comprehensive outdoor thermal comfort survey in 
urban spaces in Singapore. The results of this study would provide a better 
understanding of the general thermal environment and occupants’ thermal comfort 
perceptions in outdoor urban spaces in Singapore. This study may also have 
significant impact on the understanding of thermal adaptation on outdoor thermal 
comfort in urban spaces. The outdoor thermal comfort prediction model could be 
used by urban designers and planners to evaluate human thermal comfort of urban 
spaces. The urban design strategies suggested in this study could be adopted by urban 
designers and planners to design more comfortable urban thermal environments in 
Singapore and other similar climatic contexts.  
1.4 Scope of the study 
This study focuses on the subjective assessment of outdoor thermal comfort in urban 
spaces. The change of energy balance of human body by the change of microclimatic 
conditions and urban design is beyond the scope of this study because this topic is 
very complicated and still unclear, considering the linkage between human energy 
budget and microclimatic variables and urban design strategies.  
This study only considers people who are sitting or standing as the respondents. Heat 
stress of people with higher activities is another research topic which is beyond the 
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scope of this study.  
1.5 Thesis outline 
This chapter gives an introduction of outdoor thermal comfort in urban spaces. 
Chapter 2 presents a literature review of some fundamental knowledge about thermal 
comfort and previous research works on outdoor thermal comfort. Chapter 3 proposes 
the overall methodology employed in the study. Chapter 4 shows the results and 
discussion of field surveys in Singapore. Chapter 5 investigates the effect of thermal 
adaptation on outdoor thermal comfort and gives a detailed comparative analysis of 
thermal responses and thermal adaptation of people in outdoor urban spaces in 
Singapore and Changsha, China. Chapter 6 explains the development of outdoor 
thermal sensation prediction model and percentage of thermal dissatisfaction 
prediction model (TSV-PD model). Chapter 7 discusses the effect of urban design on 
outdoor thermal comfort by analyzing two case studies conducted at Shenton Way 
and Bedok in Singapore. Chapter 8 concludes the thesis and discusses the limitations 
and the future direction of the research.  
9 
 
Chapter 2 Literature review 
This chapter presents a literature review pertinent to studies on outdoor thermal 
comfort in urban spaces. The literature review focuses on the following four aspects: 
Outdoor thermal comfort, thermal comfort modeling, effect of urban design on 
outdoor thermal comfort and the numerical model ENVI-met 3.1. The knowledge 
gaps based on literature review are also identified at the end of this chapter. 
2.1 Outdoor thermal comfort 
2.1.1 Definition and calculation of thermal comfort 
The internationally-accepted definition of thermal comfort comes from American 
Society of Heating, Refrigerating and Air-conditioning Engineers (ASHRAE). 
Thermal comfort is defined in the ASHRAE Standard (ASHRAE, 2010) as “that 
condition of mind which expresses satisfaction with the thermal environment and is 
assessed by subjective evaluation”. Based on the above definition, thermal comfort 
describes a person’s psychological state of mind and is a subjective condition of 
mind.  
There are six primary factors that must be addressed when defining conditions for 
thermal comfort (ASHRAE, 2010). The six primary factors are metabolic rate, 
clothing insulation, air temperature, radiant temperate, air speed and humidity. The 
first two factors are personal and last four factors are environmental. The six factors 
may be independent of each other, but together contribute to a person’s thermal 
comfort. 
The most widely used index in recent years for predicting thermal comfort is the 
PMV-PPD index (Fanger, 1970). The PMV-PPD index includes all the six primary 
variables influencing thermal sensation and is based on human heat balance. The 
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PMV index predicts the mean response of a large group of people on the ASHRAE 
7-point thermal sensation scale. The PPD index estimates a quantitative prediction of 
the percentage of thermally dissatisfied people. Since ISO Standard 7730 (ISO, 2005) 
includes a computer program that facilitates computing PMV and PPD for a wide 
range of parameters, the calculation process of PMV and PPD is not presented here. 
Although PMV-PPD index has become the most commonly used comfort index in the 
field of human thermal comfort, it is prescribed for indoor conditions especially for 
the air conditioned conditions. PMV is at its best when the mean indoor temperature 
is in the region of 21-25oC (Humphreys et al., 2007). It has been reported many times 
that PMV overestimates the subjective warmth in hot climates (e.g., Wong and Khoo, 
2003; Humphreys et al., 2007; Zhang et al., 2007). Moreover, PMV is based on 
assumptions of thermal steady-state between subject and thermal environment. It is 
not suitable for outdoor thermal comfort prediction because of the variable thermal 
environment under outdoor conditions. Thermal comfort in outdoors is quite different 
from indoors. The following section discusses the differences between indoor and 
outdoor thermal comfort. 
2.1.2 Differences between indoor and outdoor thermal comfort 
Potter and de Dear (2000) concluded that thermal sensation of outdoors is perceived 
differently from that of indoors and they postulated that indoor thermal comfort 
standards are not applicable to the outdoor settings. Höppe (2002) indentified three 
aspects of differences between indoor and outdoor thermal comfort: psychological, 
thermophysiological and heat balance difference.  
The psychological aspect for the differences between indoor and outdoor comfort is 
related with expectation. People can tolerate a larger variation in climatic conditions 
in the outdoors than the indoors, provided the outdoors has possibilities for adaptive 
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behavior and suitable social spaces (Emmanuel, 2005). Spagnolo and de Dear (2003a) 
indicated that the acceptable temperature range of outdoor context should be wider 
than the indoor context due to different expectation. Höppe and Seidl (1991) and 
Nikoloulou et al. (2001) also found that people did not mind warmer-than-usual 
conditions in the beach resorts, urban parks or street canyons.  
The thermophysiological difference between indoor and outdoor comfort stems from 
differences in clothing, activity levels and exposure times (Emmanuel, 2005). In 
warm climates, people tend to wear less clothing, do lighter activities and are exposed 
to environmental conditions longer in the indoors than outdoors. Exposure to outdoor 
climate is usually in the ranges of minutes, while indoor exposures last hours 
(Emmanuel, 2005). 
The third aspect of difference between indoor and outdoor thermal comfort is the heat 
balance differences between the two. While steady state conditions are possible in the 
indoors, they are rarely feasible in urban outdoor situations (Emmanuel, 2005). 
Höppe (2002) mentioned that in real life conditions, thermal steady state is never 
reached even when people spend several hours outdoors and thus steady comfort 
model cannot provide realistic assessments under outdoor conditions. 
From the above differences, it can be concluded that outdoor thermal comfort is 
different from indoor thermal comfort. Thus, a purely heat balance thermal comfort 
index would be unable to predict the outdoor thermal comfort. In the following 
section, different outdoor thermal indices which have been used to date are presented.  
2.1.3 Outdoor thermal indices 
Several integrative thermal indices derived from the human energy balance, e.g., 
predicted mean vote (PMV) (Fanger, 1970), perceived temperature (PT) (Jendritzky 
et al., 2000), outdoor standard effective temperature (OUT_SET*) (Spagnolo and de 
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Dear, 2003b), physiologically equivalent temperature (PET) (VDI, 1998; Höppe, 
1999; Matzarakis et al., 1999), universal thermal climate index (UTCI) (Bröde et al., 
2012a), have been developed to quantify human thermal comfort. The following 
gives detailed introductions to some of the above outdoor thermal indices. 
2.1.3.1 Physiological equivalent temperature (PET) 
The physiological equivalent temperature (PET) is defined as the air temperature at 
which, in a typical indoor setting (without wind and solar radiation), the heat budget 
of the human body is balanced with the same core and skin temperature as under the 
complex outdoor conditions to be assessed (Höppe, 1999). Base on the Munich 
Energy-balance Model for Individual (MEMI), PET was developed to explicitly 
compare the actual outdoor environmental conditions with the equivalent indoor 
conditions in order to evaluate the outdoor environment in terms of indoor standards. 
A PET value of around 20°C is characterized as comfortable, higher values indicate 
increasing probability of heat stress, and lower values indicate increasing probability 
of cold stress, as shown in Table 2.2.  
Table 2.1 Ranges of the physiological equivalent temperature (PET) for different 
grades of thermal sensation and physiological stress (Matzarakis and Mayer, 1996) 
 









Very cold Extreme cold stress 
Cold Strong cold stress 
Cool Moderate cold stress 
Slightly cool Slight cold stress 
Comfortable No thermal stress 
Slightly warm Slight heat stress 
Warm Moderate heat stress 
Hot Strong heat stress 
Very hot Extreme heat stress 
Although PET throws some light on the evaluation of thermal perception, it is not an 
absolute measure of thermal comfort or thermal sensation and it is independent of 
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clothing and activity. It assumes a constant 0.9 clo of clothing level and 80 W of 
activity level for different person (Höppe, 1999).  
PET has been widely used for outdoor thermal assessment (Knez and Thorsson, 2006; 
Lin and Matzarakis, 2008; Lin, 2009; Lin et al., 2010; Ng and Cheng, 2012; Cohen et 
al., 2012), and it has been adopted by the German guidelines for urban and regional 
planners (VDI, 1998). However, the PET index has not been widely calibrated against 
subjective comfort votes, and consequently the comfort ranges in Singapore is not 
known. Nevertheless, this index takes into account all the four environmental 
parameters which influence thermal comfort, i.e., air temperature, mean radiant 
temperature, humidity and air movement. Therefore, PET was applied in this study as 
a thermal index in evaluating outdoor thermal comfort. 
2.1.3.2 Outdoor standard effective temperature (OUT_SET*) 
The outdoor standard effective temperature (OUT_SET*) index is an outdoor version 
of the widely sued indoor comfort index called the standard effective temperature 
(SET*) incorporating air and mean radiant temperatures, relative humidity, air 
velocity, clothing insulation and activity level (Spagnolo and de Dear, 2003b). SET* 
is defined as the temperature of hypothetical isothermal reference environment (air 
temperature=mean radiant temperature; relative humidity=50%; air velocity<0.15m/s) 
such that a person in the reference environment wearing 0.6clo and standing still (1.2 
met) has the same mean skin temperature and skin wettedness as the person in the 
actual complex environment. In the outdoor version (OUT_SET*), the assumption 
that mean radiant temperature equals air temperature is relaxed, and the actual mean 
radiant temperature is calculated using a human thermoregulatory model developed 
by Jendritzky and Staiger (Spagnolo and de Dear, 2003b; Emmanuel, 2005). 
Compared with PET, OUT_SET* is less widely used and its predictive capabilities 
are still needed to be tested. 
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2.1.3.3 Universal Thermal Climate Index (UTCI) 
The obvious need for a thermal comfort model suitable for outdoor applications has 
prompted the International Society of Biometeorology (ISB) and the World 
Meteorological Organization (WMO) to form a specialist Working Commission 
(Number 6) to develop a Universal Thermal Climate Index (UTCI). The Universal 
Thermal Climate Index (UTCI) aims to assess outdoor thermal conditions in the 
major fields of human biometeorology in terms of a one-dimensional quantity 
reflecting the human physiological reaction to the multidimensionally defined actual 
outdoor thermal environment including environmental temperature, wind speed, 
humidity, long-wave and short-wave radiant heat fluxes (Bröde et al., 2012a). The 
human reaction was simulated by the UTCI-Fiala multi-node model of human 
thermoregulation (Fiala et al., 2012), which was integrated with an adaptive clothing 
model (Havenith et al., 2012).  
UTCI was then developed following the concept of an equivalent temperature. This 
involved the definition of a reference environment with 50% relative humidity (but 
vapour pressure not exceeding 20 hPa), with still air and radiant temperature equaling 
air temperature, to which all other climatic conditions are compared (Bröde et al., 
2012a). Equal physiological conditions are based on the equivalence of the dynamic 
physiological response predicted by the model for the actual and reference 
environments. As this dynamic response is multidimensional (body core temperature, 
sweat rate, skin wettedness, etc, at different exposure times), a strain index was 
calculated as a single dimensional representation of the model response (Figure 2.1). 
The UTCI equivalent temperature for a given combination of wind, radiation, 
humidity and air temperature is then defined as the air temperature of the reference 
environment that produces the same strain index value (Bröde et al., 2012a). 
Since the UTCI is recently developed, relatively few calibrations have been 
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conducted. A case study has been carried out by Bröde et al. (2012b) in southern 
Brazil by applying UTCI to predict urban outdoor thermal comfort. The result 
suggests that UTCI can serve as a suitable planning tool for urban thermal comfort in 
sub-tropical regions. However, outdoor thermal comfort field studies with larger 
samples and across a greater variety of climate zones are required in order to calibrate 
the UTCI in future. Moreover, calculating the UTCI equivalent temperatures requires 
expert knowledge to operate with the complex simulation software and could be very 
time-consuming. Thus, the UTCI seems to be very difficult to be used from the 
perspective of urban designers and architects. Besides, the predictive ability of UTCI 
is also needed to be calibrated in tropical climates. 
 
Figure 2.1 Concept of UTCI derived as equivalent temperature from the dynamic 
multivariate response of the thermophysiological UTCI-Fiala model coupled with a 
clothing model (Source: Bröde et al., 2012a) 
From the above literature review on different thermal indices, it can be seen that a 
universal index that appropriately predicts the state of thermal comfort of humans in 
the complex urban outdoor environment is very difficult to be developed. Although 
several thermal indices have been developed to measure outdoor thermal comfort, all 
the indices are based on assumptions of thermal steady-state between subject and 
microclimate. However, steady state is a rare occurrence in outdoor exposures. 
Besides, these thermal indices are based on thermo-physiology and heat exchange 
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theory. They are unable to take account of thermal adaptation factors that are present 
in field survey. Furthermore, these indices are described as temperature degree and 
not directly linked to human thermal sensation. Thus, it is necessary to develop an 
outdoor thermal comfort index or model which takes the human thermal sensation as 
the final output. A more detailed review of the modeling approaches is discussed in 
the next section. 
As mentioned before, quite a number of thermal indices have been developed to 
express the effect of the thermal environment on the human body. Those thermal 
indices integrated the effects of air temperature, air humidity, mean radiant 
temperature and air speed on the thermal comfort of the human body. Humphreys et 
al. (2007) gathered a number of studies where the calculated values of such indices 
had been correlated with the actual comfort votes of respondents. They found that 
increasing the completeness of the index may actually introduce more error than it 
removes, and suggested that a simple index, such as operative temperature (Top), is 
relatively sufficient. Therefore, operative temperature (Top) was also used as a 
thermal index for the outdoor thermal comfort investigation in this study. 
2.1.4 Previous field studies on outdoor thermal comfort 
Many field studies on thermal comfort have been performed in the outdoor conditions 
and provided understanding of thermal sensation of people in different outdoor spaces 
and under different climatic conditions. A summary of the findings from previous 
outdoor thermal comfort field studies is listed in Table 2.3. 
An early work in this field was a study carried out by Mayer and Höppe (1987) in 
different urban environments to evaluate human thermal comfort based on PMV, skin 
wettedness and PET in Munich, Germany. Höppe and Seidl (1991) conducted a field 
study at a beach in Italy, which indicated that sunshine and favorable weather was the 
most important factors for holidaymakers when choosing the beach as their 
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destination. Nikolopoulou et al. (2001) made an investigation into understanding the 
human parameters that affect thermal comfort in outdoor urban spaces. Spagnolo and 
de Dear (2003a) conducted a field study to investigate thermal comfort in outdoor and 
semi-outdoor environments in subtropical Sydney Australia and obtained a thermal 
neutral temperature of 26.2°C OUT_SET*. Givoni et al. (2003) summarized the 
outdoor comfort studies in Japan and Israel and developed formulae to predict the 
thermal sensation of people outdoors as a function of air temperature, solar radiation, 
and wind speed. Thorsson et al. (2004) investigated the thermal bioclimatic 
conditions and patterns of behavior in an urban park in Göteborg, Sweden and found 
that steady-state models such as the PMV index may not be appropriate for the 
assessment of short-term outdoor thermal comfort. Nikolopoulou and Lykoudis (2006) 
presented the findings of the European project, RUROS (Rediscovering the Urban 
Realm and Open Spaces), which was carried out across five different countries in 
Europe. Hwang et al. (2010) conducted a field comfort survey of 3839 interviews in 
tree-shaded spaces throughout a year in Taiwan and proposed an adaptive comfort 
model for tree-shaded outdoors in Taiwan. Mahmoud (2011) analyzed the 
microclimatic and human comfort conditions in an urban park in Cairo, Egypt and 
demonstrated that most landscape zones were thermally comfortable within a range of 
22-30°C PET in the hot month and within a range of 21-29°C PET in the cold month. 
An outdoor thermal comfort study in Hong Kong was carried out by Ng and Cheng 
(2012), which found that the neutral physiological equivalent temperature (PET) in 
summer in Hong Kong was around 28°C and a wind speed of 0.9-1.3m/s was needed 
for a person in light clothing under shaded condition. Yin et al. (2012) conducted an 
analysis of influential factors on outdoor thermal comfort in summer in Nanjing, 
China and confirmed that besides microclimatic variables, individual mood, illness, 
clothing and exercise all influence thermal comfort. Subjective estimation of thermal 
environment in recreational urban spaces in Szeged, Hungary has been studied 
comprehensively (Kántor et al. 2012a) and compared with earlier outdoor thermal 
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comfort projects (Kántor et al. 2012b).  
Table 2.2 Previous field studies on outdoor thermal comfort 
Year  Researcher  Location  Main research findings  




Great heat stress was shown in the urban 
structure "street canyon, exposed to south", 
whereas in the "trunk space of the tall spruce 
forest" there is nearly an optimal climate even 
on hot summer days. 
 1991  Höppe and Seidl  Italy  The thermal stress during the hottest time of the 
day is significantly lower than that at a location 
a few kilometers inland.  
2001  Nikolopoulou  
et al.  
Cambridge  A purely physiological approach is inadequate in 
characterizing thermal comfort conditions in 
outdoor spaces.  
2003  Ahmed Dhaka, 
Bangladesh 
Factors affecting comfort outdoors for Dhaka 
and a comfort regime based on environmental 
parameters for urban outdoors are presented. 
2003  Givoni et al.  Tel Aviv, 
Israel  
This study summarizes several studies going on 
presently at Tel Aviv University in Israel and 
presents some of the actual experimental results 
from these studies.  
2003  Spagnolo  
and de Dear  
Australia  The thermal neutrality in terms of the thermal 
comfort index OUT_SET* of 26.2oC was 
significantly higher than the indoor SET* 
counterpart of 24.0 oC. 
2004  Stathopoulos  Montreal, 
Canada  
This study defined an equivalent temperature 
which considered acclimatization and other 
bio-meteorological principles.  
2004  Thorsson et al.  Goteborg, 
Sweden  
People improve their comfort conditions by 
modifying their clothing and by choosing the 
most supportive thermal opportunities available 
within the place. Psychological aspects may 
influence the subjective assessment. 
2005 Ali-Toudert  
 et al. 
Beni-Isguen, 
Algeria 
Heat stress in a hot-dry climate is very high in 
unobstructed locations in contrast to sheltered 




Table 2.2 Previous field studies on outdoor thermal comfort (continued) 
Year  Researcher  Location  Main research findings  
2006 Cheng and Ng Hong Kong A comfort outdoor temperature chart for Hong 
Kong was developed based on the results. 




Thermal comfort indices may not be applicable 
in different cultural or climate zones without 
modifications. 
2006  Nikolopoulou 
and Lykoudis  
Europe  A great variation of 10oC of neutral temperature 
was found across Europe. Strong evidence for 
adaptation taking place.  
2007 Eliasson Goteborg,, 
Sweden 
Air temperature, wind speed and cloud cover 
have a significant influence on people’s 
assessments of the weather, place perceptions 
and place-related attendance. 
2007 Hwang and Lin Taiwan Occupants of semi-outdoor and outdoor 
environments are more tolerant regarding 
thermal comfort than occupants of indoor 
environments. 




Thermal comfort under outdoor conditions can 
be maintained with temperatures well above the 
standard values defined for indoor conditions. 
Women showed a stronger negative reaction to 
high wind speed than men.  
2007 Pearlmutter et al. Negev 
Highlands, 
Israel 
In hot-arid climate, compact street canyons can 
substantially reduce overall pedestrian thermal 
discomfort if their axis orientation is 
approximately north–south. 
2007  Thorsson et al.  Matsudo, 
Japan  
A low relation was found between the thermal 
environment and the use of the urban places in 
terms of total attendance. The function of the 
urban place affects its use by people.  
2008 Lin and 
Matzarakis 
Taiwan This study presents a detailed analysis of 
tourism climate by using a modified thermal 
comfort range for both Taiwan and 
Western/Middle European conditions. 
2008 Mayer et al. Freiburg, 
Germany 
PET is strongly influenced by the radiation heat, 




Table 2.2 Previous field studies on outdoor thermal comfort (continued) 
Year  Researcher  Location  Main research findings  
2010  Lin et al.  Taiwan  A high SVF (barely shaded) causes discomfort 
in summer and a low SVF (highly shaded) 
causes discomfort in winter.  
2011 Lin et al. Taiwan Results indicate a deviation of 1.3°C SET* in 
neutral temperatures between hot and cool 
seasons, and a deviation of 1.8°C SET* in 
preferred temperature between hot and cool 
seasons.  
2011 Mahmoud Cairo, Egypt The differences in the PET index among these 
zones are due to different sky view factors 
(SVF) and wind speed. 
2012 Bröde et al. Curitiba, 
Brazil 
UTCI can serve as a suitable planning tool for 
urban thermal comfort in sub-tropical regions. 
2012 Cheng et al. Hong Kong For a person in light clothing sitting under shade 
on a typical summer day in Hong Kong, a wind 
speed of about 1.6 m/s is needed to achieve 
neutral thermal sensation.  
2012 Cohen et al. Tel Aviv, 
Israel 
The climatic variable that mostly affects human 
thermal comfort conditions is the mean radiant 
temperature which is more dominant at exposed 
urban sites as compared to shady urban parks. 
2012 Kántor et al. Szeged, 
Hungary 
Thermal sensation showed strong positive 
relationships with air temperature and solar 
radiation perception, while wind velocity and air 
humidity perception had a negative (and weaker) 
impact. The methodology of thermal comfort 
investigations should be standardized in order to 
make comparable the data collected in different 
locations. 
2012 Makaremi et al. Malaysia There is a significant difference between the 
thermal comfort responses of the local and the 
international students regarding the climatic 
conditions. 





Table 2.2 Previous field studies on outdoor thermal comfort (continued) 
Year  Researcher  Location  Main research findings  
2012 Yin et al. Nanjing, 
China 
Mood appears to have a significant influence on 
thermal comfort, but the influence of mood 
diminishes as the meteorological environment 
becomes increasingly uncomfortable. 
2013 Krüger et al. Glasgow, UK A preliminary outdoor comfort range (9-18oC) 
PET was determined for the local population. 





The afternoon period from December to 
February is relatively the most thermal stressful 
period to human beings in Dar es Salaam where 
PET values of above 35°C were found. 
2013 Omonijo et al. Ondo State, 
Nigeria 
PET results for different grades of thermal 
sensation and physiological stress on human 
beings indicate that about 60 % of the total study 
period (1998–2008) fall under physiological 
stress level of moderate heat stress (PET 31– 
36 °C). 




This study defined the lower comfort limit in 
winter to 21.0 °C and the upper limit in summer 
to 31.3 °C for PET. For OUT_SET*, the 
corresponding lower and upper limits were 
27.6 °C and 31.3 °C respectively. 
Based on the above review, it is clear that the field of outdoor thermal comfort study 
is an increasingly prominent and fascinating topic in the literature. It can be seen that 
most of the outdoor thermal comfort studies were conducted in temperate and cold 
climates and some of the studies were conducted in subtropical humid climate such as 
Hong Kong and Taiwan, but relatively little research has been conducted in the 
context of Singapore.  
In this section, previous field studies of outdoor thermal comfort have been reviewed, 




2.2 Thermal comfort modeling  
Many human comfort models developed attempt to predict how a human feels in a 
given environment. Comfort models range from simple, one-dimensional, 
steady-state simulations to complex, transient, finite element codes with thousands of 
nodes (Jones, 2002). A major limitation of these models is that they did not consider 
human thermal adaptation aspects especially the psychological factors. Besides, these 
models are based on laboratory experiments in cold or temperate climate, and their 
applicability to real outdoor situations in tropical climate is questioned. 
Previous studies have shown that environmental factors, personal factors (clothing 
insulation and metabolic rate) and adaptation factors are important factors affecting 
human thermal comfort (Brager and de Dear, 1998; Nikolopoulou et al., 2001; 
Nikolopoulou and Steemers, 2003; Spagnolo and de Dear, 2003a; Thorsson et al., 
2004; Nikolopoulou and Lykoudis, 2006; Humphreys, 2007; Knez et al., 2009; Lin, 
2009; Vanos et al., 2010). The following materials discuss the role of microclimatic 
and thermal adaptation factors in human thermal comfort modeling.  
2.2.1 Microclimatic parameters in thermal comfort modeling  
The microclimatic parameters which have been found to affect outdoor human 
thermal comfort are air temperature, humidity, wind speed, solar radiation or mean 
radiant temperature. These parameters have a significant impact on human thermal 
comfort because they affect the heat balance of the human body, i.e. the balance of 
heat generated by metabolic process and heat lost by conduction, convection, 
radiation and evaporation (Fanger, 1970). Figure 2.2 shows the thermal interaction of 




Figure 2.2 Basic heat exchanges between man and environment (Source: Havenith, 
2002) 
Air temperature is an important microclimatic factor influencing thermal comfort. 
The human body’s primary response is towards the changes in temperatures and it is 
this temperature that we attempt to keep within comfort conditions. Both the body’s 
convective heat loss and its dry respiration heat loss decrease with increasing air 
temperature (Fanger, 1970).    
Humidity is low and has little direct effect on thermal comfort in cold conditions. In 
hot conditions, the human body needs to increase heat losses to maintain thermal 
comfort. This is largely achieved by reducing clothing and through sweating and the 
corresponding heat losses associated with the latent heat of evaporation (ASCE, 
2004). Since the efficiency of evaporation is decreased as the relative humidity 
increases, the relative humidity becomes a much more important parameter in hot 
climates (Stathopoulos, 2006). In convective and evaporative losses, the effects of 
temperature and humidity are closely linked with the wind conditions and cannot be 
treated in isolation from wind speed (Stathopoulos, 2006). 
In hot and humid conditions, the primary heat balance mechanism available to an 
average person is evaporation and the primary mode of facilitating evaporation is air 
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movement (Emmanuel, 2005). The cooling effect of air movement depends not only 
on wind speed but also on temperature, humidity and radiation balance as well as 
activity and clothing level of an individual. Sweat evaporation which takes heat away 
from the skin can be encouraged by increasing wind speed. The cooling effect can 
make people tolerate high air temperatures that would normally be considered as 
uncomfortable under conditions with lower wind speed.  
Mean radiant temperature is found to be the key variable that governing human 
energy balance and thus affecting thermal sensation outdoors under sunny conditions 
(Mayer and Höppe, 1987; Ali-Toudert, 2005; Thorsson et al., 2007). The mean radiant 
temperature is defined as the “uniform temperature of an imaginary enclosure in 
which the radiant heat transfer from the human body equals the radiant heat transfer 
in the actual non-uniform enclosure” (ASHRAE, 2009). The importance of mean 
radiant temperature affecting thermal comfort outdoors has been well recognized. 
However, the calculation of mean radiant temperature in outdoor urban spaces is 
particularly complex. Thus, some comfort related studies and urban heat island 
studies focus on air temperature and wind speed without considering the mean radiant 
temperature (e.g., Prianto and Depecker, 2003; Walton et al., 2007; Wong and Jusuf, 
2010) because air temperature and wind speed are easier to be obtained through field 
measurement. 
2.2.2 Thermal adaptation aspect of thermal comfort modeling 
The heat balance of human body provides information on how microclimatic 
variables affect human thermal comfort; however, actual thermal sensation is also an 
adaptation process. Thermal adaptation factors have gained more and more attention 
in recent years because the discrepancies discovered between predicted thermal 
sensation by thermal comfort indices (e.g., PMV-PPD) and actual thermal sensation 
by field survey (de Dear and Brager, 1998, 2002). Many researchers are in the process 
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of studying the discrepancies of actual and predicted thermal sensation caused by 
expectancy, seasonal variation and climatic adaptation (e.g., Feriadi and Wong, 2004; 
Nikolopoulou and Lykoudis, 2006; Lin et al., 2011). The discrepancies give evidence 
to the fact that people can adapt to their thermal environments. 
The term “adaptation” can be broadly defined as the gradual decrease of the 
organism’s response to repeated exposure to a stimulus, involving all the actions that 
make them better suited to survive in such an environment. In the context of thermal 
comfort this may involve all the processes which people go through to improve the fit 
between the environment and their requirements (Nikolopoulou and Lykoudis, 2006). 
Three different categories of adaptation can be identified: behavioral, physiological 
and psychological (Brager and de Dear, 1998).  
Behavioral adjustment includes all modifications a person might consciously, or 
unconsciously make, which in turn modify heat and mass fluxes governing the body’s 
thermal balance (Wohlwill, 1975). Behavioral adjustment can be divided into two 
categories: reactive and interactive. For reactive adaptation, the only changes 
occurring are personal, such as altering one’s clothing levels, posture and position, or 
even metabolic heat with the consumption of hot or cool drinks. For interactive 
adaptation, however, people make changes to the environment in order to improve 
their comfort conditions, such as opening a window, turning a thermostat, opening a 
parasol, etc (Nikolopoulou and Steemers, 2003). 
Physiological adaptation includes all of the changes in the physiological responses 
which result from exposure to thermal environmental factors, and which lead to a 
gradual diminution in the strain induced by such exposure. Physiological adaptation 
can be broken down into at least two subcategories: genetic adaptation and 
acclimatization. Genetic adaptation can be viewed as alterations which have become 
part of the genetic heritage of an individual or group of people, but developing at time 
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scales beyond that of an individual’s lifetime. Acclimatization can be seen as changes 
in the settings of the physiological thermoregulation system over a period of days or 
weeks, in response to exposure to single or a combination of thermal environmental 
stressors (Brager and de Dear, 1998). 
The psychological dimension of adaptation refers to an altered reaction to sensory 
information. Different people perceive the environment in a different way, and the 
human response to a physical stimulus is not in direct relationship to its magnitude, 
but depends on the “information” that people have for a particular situation 
(Nikolopoulou and Steemers, 2003).  
The influence of psychological adaptation on outdoor thermal comfort is complex and 
difficult to be evaluated. Nikolopoulou and Steemers (2003) developed a network 
demonstrating the interrelationships among various influencing parameters of 
psychological adaptation (Figure 2.3). It can be seen the naturalness is judged here to 
influence other variables, but is not influenced by any parameters of the group. It 
seems that such a variable is inherent to the space, and is not affected by more 
personal variables such as perceived control. Furthermore, expectations, 
environmental stimulation and time of exposure can be seen to be affected by every 
variable in the group. The relationships between those variables are complex and it is 
not a simple cause and effect situation. Satisfaction with the thermal environment of 
the space will depend as much on the space itself, as it will on personal variables 
people bring to the area with them, and the former will affect the latter, whereas, the 




Figure 2.3 Network demonstrating interrelationships between the different parameters 
of psychological adaptation (Source: Nikolopoulou and Steemers, 2003) 
Cheng and Ng (2012) presents a review of research over the past decade on the 
behavioral aspects of outdoor thermal comfort. They proposed a framework for 
assessing outdoor thermal comfort based on behavioral aspects (Figure 2.4). Although 
this review paper focuses on the behavioral aspects, the proposed framework can also 
be used to assess outdoor thermal comfort. This assessment framework includes four 
levels: physical, physiological, psychological, and social/behavioral. This framework 
should allow the local microclimatic condition to be linked with human sensations as 
well as with the use of space in both spatial and temporal terms. In other words, static 
and objective aspects (i.e., physical and physiological characteristics) should be 
measured and modeled effectively to provide ‘‘climatic knowledge,’’ and dynamic 
and subjective aspects (i.e., psychological and social/behavioral characteristics) 





Figure 2.4 A general framework for outdoor thermal comfort assessment based on 
behavioral aspects (Source: Chen and Ng, 2012) 
According to the literature reviewed above, outdoor thermal comfort modeling should 
consider both microclimatic and thermal adaptation factors. However, the thermal 
adaptation is still a challenging issue in the area of thermal comfort study. The major 
problem about the thermal adaptation aspect of thermal comfort modeling is the 
difficulty to quantify the thermal adaptation variables. Thus, future research is greatly 
needed to evaluate the effect of thermal adaptation variables on human thermal 
comfort. 
2.3 Effect of urban design on outdoor thermal comfort 
The variation of urban design can modify the microclimatic conditions and thus affect 
the outdoor thermal comfort. Appropriate urban design can decrease negative aspects 
of the climate and increase the use of outdoor spaces. This section discusses the effect 
of urban design on outdoor thermal comfort. 
Although quite a large number of studies have analyzed the effect of urban design on 
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microclimatic parameters such as air temperature, relative humidity, wind speed, solar 
radiation or mean radiant temperature in urban spaces (e.g., Coronel and Alvarez, 
2001; Ahmed, 2003; Wong et al., 2007; Ng et al., 2012), studies directly dealing with 
the effect of urban design on outdoor thermal comfort or human thermal sensation in 
urban environments are very few.  
The lack of studies directly dealing with urban design and outdoor thermal comfort 
can be attributed to the following three reasons. The first reason is that there is no 
assessment tool (i.e., outdoor thermal comfort index) for urban designers to evaluate 
their design strategies. Even though some thermal indices like PET were used by 
some researchers, these indices are expressed as temperature degree and not directly 
linked to human thermal sensation. The second reason for the very limited number of 
studies is the complexity of conducting comprehensive field measurements due to the 
huge number of urban variables and processes involved in urban spaces. The third 
reason is due to the insufficient interdisciplinary work between human 
biometeorology and urban design, which makes the theoretical knowledge on human 
thermal comfort difficult to be applied to the practical urban design process.  
Recent studies have shown that the investigation of urban design effect on outdoor 
thermal comfort are usually based on the physiological equivalent temperature (PET) 
and mostly focus on the urban streets. 
Ali-Toudert and Mayer (2006) carried out a numerical study on the effects of aspect 
ratio and orientation of an urban street canyon on outdoor thermal comfort in hot and 
dry climate. It was found that spatial distribution of PET at street level depends 
strongly on aspect ratio and street orientation. 
Johansson (2006) investigated the influence of urban geometry on outdoor thermal 
comfort by comparing an extremely deep and a shallow street canyon in Fez, 
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Morocco. PET was used to assess the outdoor thermal comfort and the result shows 
the deep canyon is fairly comfortable whereas the shallow canyon is extremely 
uncomfortable in summer. However, during winter, the shallow canyon is the more 
comfortable as solar access is possible.  
Johansson and Emmanuel (2006) studied the influence of urban design on outdoor 
thermal comfort in Colombo, Sri Lanka. The calculated PET values show the 
importance of shading for the improvement of daytime comfort. The result indicates 
that a compact urban form (high H/W ratios) can provide more comfortable 
conditions than a dispersed urban form. Ahmed (2003) came to a similar conclusion 
that semi-enclosed spaces, which restrict air movement but provide shade, were 
sometimes comfortable during the hottest period of the day in Dhaka, Bangladesh. 
This is contradictory to the common belief that in the hot and humid tropics, the most 
important design strategy is to provide air movement. 
Ali-Toudert and Mayer (2007) made an investigation of the thermal comfort in an 
east–west oriented street canyon in Freiburg, Germany under hot summer conditions. 
The degree of comfort was defined in terms of physiologically equivalent temperature 
(PET). The daily dynamics of canyon facet irradiances and their impacts on the heat 
gained by a pedestrian were strongly dependent on street geometry and orientation. 
Thermal stress was mostly attributable to solar exposure. Under cloudless summer 
weather, a standing body was found to absorb, on average, 74% of heat in the form of 
long-wave irradiance and 26% as short-wave irradiance. Shading the pedestrian as 
well as the surrounding surfaces is the first strategy in mitigating heat stress in 
summer under hot conditions. 
Emmanuel et al. (2007) used the software ENVI-met to simulate the effect of 
different urban design options on outdoor thermal comfort in terms of PET. It is 
found that high albedo at street level gives the lowest air temperature during daytime, 
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although the reduction is only about 1°C. The lowest daytime mean radiant 
temperatures result from high H/W ratios of streets. This has a positive effect on 
thermal comfort; the increase of H/W ratio from about 1 to 3 leads to a decrease in 
PET by about 10°C. The results also show that strategies that lead to better air 
temperature mitigation may not necessarily lead to better thermal comfort. However, 
shade enhancement through increased H/W ratios is clearly capable of significant 
reductions in PET, and thus improved outdoor thermal comfort. 
Yang et al. (2011) studied the thermal comfort effects of urban design strategies in 
high-rise urban environments in a sub-tropical climate. Different from the above 
studies, this study was carried out in two residential quarters rather than streets. The 
result shows that an increase of 0.4 in the ground surface albedo overall reduces the 
thermal comfort, as indicated by an increase of 5–7oC in PET during the day with a 
marginal decrease of less than 1oC at night. Increasing greenery cover, especially tree 
cover, improves thermal comfort during the whole period under evaluation. A 
reduction of up to 15 oC in daytime PET is achieved by adding a dense tree cover over 
a grass lawn and up to 20 oC by adding the tree cover over the hard pavement with an 
albedo of 0.2. 
Herrmann and Matzarakis (2012) performed a simulation study to quantify the 
influence of the height-to-width ratio and the effect of orientation on radiation fluxes 
in a typical urban canyon in Freiburg, Germany. It shows that modifications to these 
parameters by typical urban structures can result in variation of mean radiant 
temperature over a range of more than 30°C, which can correspond to three levels of 
thermal stress. 
The above literature review points out that the aspect ratio or height-to-width ratio 
(H/W) and the street orientation are the most important design parameters affecting 
PET in urban streets. The building materials of the ground surfaces and greenery were 
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also found to affect PET. Shading is an important strategy in improving outdoor 
thermal comfort in summer under hot conditions. 
One limitation of the above studies is the use of PET as the thermal comfort index to 
quantify human thermal comfort in outdoor urban spaces. Although PET, which takes 
into account all four environment parameters (air temperature, humidity, wind speed 
and mean radiant temperature), has some advantages over the individual parameters 
in the assessment of outdoor thermal comfort, it is still difficult to interpret the 
meaning of one PET value for the thermal comfort of people precisely (Ali-Toudert 
and Mayer, 2006). Besides, one PET value has different thermal sensation indications 
for people in different climate regions. For example, a PET of 26 oC corresponds to 
“slightly warm” for people in temperate climate (Matzarakis and Mayer, 1996) but it 
corresponds to “neutral” for people in hot and humid climate (Lin et al., 2010). 
Another limitation of the above studies is that they deal with only one or few points 
within the study areas and assume these points could be representative of the whole 
area. The limited study points make the spatial microclimatic differences across the 
whole area (centre and edges) remain unknown. Thus, investigations which involve 
more study points and consider the effect of spatial microclimatic differences on 
outdoor thermal comfort are needed. 
Based on the above review, it can be concluded that the relationship between urban 
design strategies and human thermal comfort in outdoor urban spaces is by far less 
well understood. The quantitative assessment of the effect of urban design on outdoor 
thermal comfort is lacking.  
2.4 The numerical model ENVI-met 3.1 
As mentioned before, one reason for the very limited number of field studies on 
outdoor thermal comfort in relation to urban design is the difficulty to perform 
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comprehensive field measurements. Thus, numerical methods are applied to make the 
investigations because numerical modeling has the obvious advantages over 
comprehensive field measurement on account of their controllability as well as time 
and resource frugality. Arnfield (2003) pointed out that numerical simulation is a 
methodology perfectly suited to dealing with the complexities and non-linearities of 
urban climate system. 
Urban microclimate models vary substantially based on their physical basis and their 
temporal and spatial resolution. Ali-Toudert (2005) has reviewed the research 
development of urban microclimate modeling and inferred that ENVI-met (Bruse, 
1999) should be the most suitable model for simulating the urban microclimate at fine 
resolutions. ENVI-met has been widely used to analyze the small scale interactions 
between urban design and the microclimate (e.g., Ali-Toudert and Mayer, 2006; Chen 
and Wong, 2006; Wong et al., 2007; Emmanuel et al., 2007; Yang et al., 2011; Ng et 
al., 2012).  
ENVI-met is a prognostic model based on the fundamental laws of fluid dynamics 
and thermo-dynamics. It is a three-dimensional microclimate model designed to 
simulate the surface-plant-air interactions in urban environment with a typical 
resolution of 0.5 to 10 m in space and 10 sec in time. This resolution allows the 
investigation of small-scale interactions between individual buildings, surfaces and 
plants. ENVI-met is a freeware program based on different scientific research projects 
and is therefore under constant development (Bruse, 2011). 
The model calculation includes: 
• Shortwave and longwave radiation fluxes with respect to shading, reflection and 
re-radiation from building systems and the vegetation; 
• Transpiration, evaporation and sensible heat flux from the vegetation into the air 
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including full simulation of all plant physical parameters (e.g., photosynthesis 
rate); 
• Surface and wall temperature for each grid point and wall; 
• Water and heat exchange inside the soil system; 
• Calculation of biometeorological parameters like mean radiant temperature or  
Fanger's predicted mean vote (PMV); 
• Dispersion of inert gases and particles including sedimentation of particles at 
leafs and surfaces. 
Figure 2.5 shows the schematic overview of ENVI-met. It can be seen that ENVI-met 
is composed of a 3D core model and 1D border model. The main model is designed 
in 3D with two horizontal dimensions (X and Y) and one vertical dimension (Z). The 
task of the 3D model is to simulate all processes inside the actual model area, 
including buildings, vegetation and different types of surfaces. To allow an accurate 
simulation of boundary layer process, it is necessary to extend the 3D model up to a 
height of 2500 minimum. As it is not possible to extend the complete 3D model up to 
this height, a 1D model takes over the calculation from the top of the 3D model and 
the total model top at 2500m. In additions, the 1D model provides the vertical profiles 
of all model variables for the inflow boundary of the 3D model (Bruse, 2011). 
Another structure of ENVI-met model is the nesting area. The nesting area is a band 
of grid cells surrounding the core of the 3D model. With the use of nesting area, more 
horizontal space can be covered without using too much grid cells. The further the 
cells move away from the core of the model, the bigger their size gets. This allows 
moving the model borders away from the core without wasting too much calculation 
cells.  
Moreover, a soil model is needed to calculate the heat transfer from the surfaces into 
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the ground and vice versa. The soil model provides the system with the surface 
temperatures and humidity. The soil model is 1D, except the grids of the ground 
surface which are connected in 3D for ensuring homogeneity. 
 
Figure 2.5 Schematic overview over the ENVI-met model layout (Source: Bruse, 
2011) 
The equations that govern ENVI-met are too numerous to be presented here. Details 
of the calculations and specific aspects have been fully described in Bruse and Fleer 
(1998), Bruse (1999) and Ali-Toudert (2005). 
Despite the developed capabilities of ENVI-met, there are certain limitations of the 
model. One limitation is about the boundary conditions. External meteorological data 
cannot be forced into the model boundary and the initial parameters including 
potential temperature humidity and wind speed are set constant at 2500m height 
during the simulation. The unchanged boundary conditions have some consequences. 
For example, the daytime air temperature can be underestimated and the nighttime 
simulation results are not reliable. Besides, ENVI-met has difficulty in simulating 
locations with strong marine breezes which affect surface sensible heat calculations. 
The ongoing development of ENVI-met considers the possibility of forcing the model 
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with external measured data at the boundary of 2500 m height, so that a progressive 
adjustment of the 3D-model data becomes possible (Ali-Toudert, 2005). However, 
this feature has not yet been implemented into the latest version of ENVI-met 3.1 
(Bruse, 2011).  
Another major limitation with ENVI-met is that building heat storage is not 
considered in the modeling. All buildings have constant indoor temperature and 
albedo. The thermal transmittance (U-value) for walls and roofs are the same for all 
buildings. The lack of heat storage in ENVI-met has a consequence that the surface 
temperature and the long-wave radiation from buildings are overestimated by day and 
underestimated by night. Thus, the nocturnal cooling effect cannot be accurately 
evaluated for urban spaces which are designed to allow more night release. 
Furthermore, the omission of anthropogenic heat from ENVI-met is a serious 
limitation in settings like Singapore where waste heat from air conditioning 
represents a significant component in the urban-canyon heat balance. ENVI-met is 
unable to simulate anthropogenic heat which might cause sharp temperature rise in 
reality but cannot be reflected in the modeling process. 
2.5 Knowledge gap 
Research gaps for the current studies of outdoor thermal comfort are summarized 
below: 
1 Few studies have focused on outdoor thermal comfort in Singapore. There is a 
significant lack of information on data for evaluation of thermal comfort conditions in 
outdoor spaces in Singapore. 
2 Although several thermal indices have been developed to evaluate outdoor thermal 
comfort, all the indices are based on energy balance approach without considering the 
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thermal adaptation aspects. Besides, these indices are described as temperature degree 
and not directly linked to human thermal sensation. Thus, it is necessary to develop a 
thermal comfort model considering both microclimatic and human thermal adaptation 
factors and taking thermal sensation vote (TSV) as the dependent variable. 
3 Although some studies have discussed the effect of urban design on outdoor thermal 
comfort, these studies focuses on individual microclimatic parameters like air 
temperature, mean radiant temperature or PET rather than human thermal sensation. 
The quantitative assessment of the effect of urban design on outdoor human thermal 




Chapter 3 Research methodology 
This study can be divided into two parts. One part is the development of outdoor 
thermal comfort prediction model. Another part is the application of the outdoor 
thermal comfort prediction model in urban design. Chapter 4, 5 and 6 deal with the 
first part and the second part is described in Chapter 7. Different research 
methodologies have been employed for the two parts.  
3.1 Part І – Outdoor thermal comfort modeling 
The overall methodology which has been employed for the outdoor thermal comfort 
modeling is presented in Figure 3.1. 
It has been acknowledged that field studies of thermal comfort are conducted in 
actual thermal environment conditions and involve much larger and diverse samples 
of real occupants (de Dear, 2004). Thus, field surveys have been used as the medium 
to examine thermal comfort conditions in outdoor urban spaces and collect necessary 
data for thermal comfort modeling in this study.  
Field surveys included structured interviews with a questionnaire and environmental 
monitoring. The interview is the questionnaire survey dealing with subjective thermal 
comfort data including the subjects’ thermal sensation, thermal preference, thermal 
acceptability, demographic background, clothing and activity level during the survey. 
The sample of questionnaire forms being used for field surveys can be found in 
Appendix 1 (English version) and Appendix 2 (Chinese version). Environmental 
monitoring includes physical measurement of microclimatic conditions at the 
immediate surrounding of the subjects. Besides, an observation sheet was used to 
record the weather conditions, location, date and time, environmental parameters, 
respondents’ clothing and activity for double checking and other information which 

















The microclimatic data obtained through the physical measurement were correlated 
with the results of the questionnaire survey in the subsequent analysis. This analysis 
provides understanding of people’s subjective thermal perception towards different 
microclimatic conditions in urban spaces.  
The methodology employed in the thermal comfort survey in this study has an 
international standing in the field of outdoor thermal comfort research (Ng and Cheng, 
2012). Richard de Dear has applied this methodology in a study of outdoor thermal 
comfort in Sydney (Spagnolo and de Dear, 2003a). This methodology has also been 
employed in the EU-funded RUROS project (Rediscovering the Urban Realm and 
Open Spaces) (Nikolopoulou and Steemers, 2003; Nikolopoulou and Lykoudis, 2006) 
and the HKSAR funded project (Urban Climatic Map and Standards for Wind 
Environment- Feasibility Study) (Cheng et al., 2012; Ng and Cheng, 2012).  
Data collection has been carried out in two cities: Singapore and Changsha, China. 
This study focuses on the outdoor thermal comfort in Singapore. The data collection 
in Changsha is only for the purpose of comparing occupants’ thermal comfort 
requirements in outdoor urban spaces with different outdoor climate variations. The 
detailed methodology and data analysis can be found in Chapter 4 and 5. 
The thermal comfort modeling was conducted by different statistical approaches like 
ordered choice model, multiple linear regression and logistical regression. SPSS 18 
and Eviews 7.0 were used to perform the data analysis and the thermal comfort 
modeling. The models were developed based on 2036 samples and validated by 
another 200 samples collected from different outdoor urban spaces in Singapore. 





3.2 Part II – Effect of urban design on outdoor thermal comfort 
The overall methodology that has been applied for the urban design analysis is 
presented in Figure 3.2. 
 
Figure 3.2 Diagram of research methodology (Part II) 
Numerical simulation and the proposed outdoor thermal comfort prediction model 
were used to quantitatively compare and evaluate the effects of various urban design 
strategies in improving outdoor thermal comfort in urban spaces in Singapore. The 
analysis mainly consists of two steps. Firstly, the microclimatic conditions of 
different study scenarios were simulated by ENVI-met modeling. Secondly, the 
simulated microclimatic variables were imported into the proposed thermal comfort 
prediction model to get the thermal sensation votes of different study scenarios. Thus, 
42 
 
different urban design options can be compared based on the thermal sensation votes. 
Two case studies (one at Shenton Way and another at Bedok) were conducted to 
analyze the design strategies on outdoor thermal comfort in Singapore.   
Despite its limitations mentioned in Chapter 2, ENVI-met 3.1 (Bruse, 2011) was 
selected to simulate the microclimate in the study areas. This software was chosen 
because it is the only software where all the microclimatic factors influencing thermal 
comfort like air temperature, relative humidity, wind speed, solar radiation and mean 
radiant temperature can be simulated integrally. 
ENVI-met has a high spatial and temporal resolution which enables a detailed study 
of how the microclimate varies within the studied space over time. The model gives a 
large amount of output data including the necessary variables which are needed in 
calculating thermal comfort indices. A simulation study such as this one has the 
advantage that an unlimited number of points from the model can be analyzed, 
whereas in a measurement study, only the results derived from the measured spots are 
reliable (Yahia and Johansson, 2013a).  
To better understand the strength as well as the limits of the numerical model used, 
field measurements were also carried out to compare the measured results with the 
simulated results for the base case. It has to be stressed that there are certain 
limitations for the field measurement protocol applied in this study. There was an 
error for the relative humidity readings at some points during the measurement period. 
Besides, wind speed and globe temperature were not measured for all the points due 
to equipment limitation. Considering the above issues, the comparison of simulated 
and measured results aims to check the relative accuracy of ENVI-met modeling.  




3.3 Overall instrumentation 
The entire field measurement conducted in this research used the following 
instrumentation: 
1. Weather station 
Weather station was used as the reference point. The weather data was logged into 
HOBO Weather Station H21-001 with the specifications shown as follows: 
Memory: 512 K non-volatile data storage 
  Logging interval: 1 second to 18 hours, user-selectable 
  Operating range: -20oC to 50oC 
  10 sensor inputs, expandable to 15 with optional 1-to-2 sensor adapters 
  Built in weatherproof communication port 
The station measured the following parameters: solar radiation (W/m2), ambient air 
temperature (oC), relative humidity (%), wind direction (Degree), wind speed (m/s) 
and rain fall (mm). 
 
 




2. H08-003-02 HOBO temperature/RH data logger and solar cover 
H08-003-02 was the main instrument to measure the air temperature across the sites 
and installed at the height of 2.0 m. The specifications are shown as follows: 
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  Temperature measurement range: -20°C to +70°C 
  Temperature accuracy: ±0.2° at 21°C 
  RH measurement range: 0~95% RH non-condensing 
  RH accuracy: ±3% RH; ±4% RH in condensing environments 
   
Figure 3.4 H8 HOBO temperature/RH data logger and solar cover 
3. Testo 445 and Swema 3000 test system 
Testo 445 was attached to a 3-function probe for simultaneous measurement of air 
temperature (oC), relative humidity (%) and wind speed (m/s) in Singapore. Swema 
3000 were equipped with two probes to measure air temperature (oC), relative 
humidity (%) and wind speed (m/s) in Changsha. The technical specifications of 
Testo 445 and Swema 3000 are shown as follows: 
Temperature measurement range: 0°C to +50°C (Testo 445); -20°C to +50°C 
(Swema 3000) 
Temperature accuracy: ±0.3° (Testo 445); ±0.5° (Swema 3000) 
  RH measurement range: 0 ~100% RH  
  RH accuracy: ±2% RH (Testo 445); ±1.6% RH (Swema 3000) 
Wind speed measurement range: 0~20m/s 
  Wind speed accuracy: ±0.05m/s (Testo 445); ±0.03m/s (Swema 3000) 
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Figure 3.5 Testo 445 (left) and Swema 3000 (right) (Source: Swema) 
4. Globe thermometer 
For Part І (Outdoor thermal comfort modeling), the globe temperature was measured 
using the AZ8778 globe thermometer (75mm diameter) for the field surveys. For Part 
II (Effect of urban design on outdoor thermal comfort), the globe temperature was 
measured using a customized globe thermometer (40mm diameter) calibrated for 
localized usage (Tan et al, 2013).   
Globe temperature measurement range: 0~80℃ (AZ8778 globe thermometer); 
0~100℃ (Customized globe thermometer) 
Globe temperature accuracy: ±1.5° (AZ8778 globe thermometer); ±0.5° 
(Customized globe thermometer) 
      




5. CM6B Pyranometer and AM-20P Pyranometer 
The global radiation was measured by CM6B Pyranometer and AM-20P Pyranometer. 
Both the pyranometers tracked global radiation, which is a combination of direct and 
diffuse solar radiation and the solar radiation reflected from the surroundings.  
    
Figure 3.7 CM6B Pyranometer (left) and AM-20P Pyranometer (right) 
3.4 Estimation of metabolic rate and clothing level  
During the survey, we only considered people who performing two activities (sitting 
or standing) as our research subjects. Metabolic rate was assessed during the survey 
by asking the subjects to choose one which best described their primary activity 
during the last 30 minutes. The responses were then associated with metabolic rates 
based on ASHRAE Standard 55-2010 (ASHRAE, 2010). The metabolic rate is 
assumed to be 1.2 met and 1.4 met for sitting and standing subjects respectively (1 
met =58.15 W/m2). 
As for the clothing level, a detailed clothing garment checklist was provided to the 
subjects to choose their clothing level during the survey. Table 3.1 shows the garment 
descriptions and associated thermal insulation that have been used to calculate the 




Table 3.1 Garment insulation applied in this study (Source: ASHRAE, 2010) 
Garment Description† Iclu,clo Garment descriptionb Iclu,clo 
Underwear  Dress and Skirts**  
Bra 0.01 Skirt (thin) 0.14 
Panties 0.03 Skirt (thick) 0.23 
Men’s briefs 0.04 Sleeveless, scoop neck (thin) 0.23 
T-shirt 0.08 Sleeveless, scoop neck (thick), i.e., jumper  0.27 
Half-slip 0.14 Short-sleeve shirtdress (thin) 0.29 
Long underwear bottoms 0.15 Long-sleeve shirtdress (thin) 0.33 
Full slip 0.16 Long-sleeve shirtdress (thick) 0.47 
Long underwear top 0.20 Sweaters  
Footwear  Sleeveless vest (thin) 0.13 
Ankle-length athletic socks 0.02 Sleeveless vest (thick) 0.22 
Pantyhose/stockings 0.02 Long-sleeve (thin) 0.25 
Sandals/thongs 0.02 Long-sleeve (thick) 0.36 
Shoes 0.02 Suit Jackets and Vests††  
Slippers(quilted, pile lined) 0.03 Sleeveless vest (thin) 0.10 
Calf-length socks 0.03 Sleeveless vest (thick) 0.17 
Knee socks (thick) 0.06 Single-breasted (thin) 0.36 
Boots 0.10 Single-breasted (thick) 0.44 
Shirts and Blouses  Double-breasted (thin) 0.42 
Sleeveless/scoop-neck blouse 0.12 Double-breasted (thick) 0.48 
Short-sleeve knit sport shirt 0.17 Sleepwear and Robes  
Short-sleeve dress skit 0.19 Sleeveless short gown (thin) 0.18 
Long-sleeve dress shirt 0.25 Sleeveless long gown (thin) 0.20 
Long-sleeve flannel shirt 0.34 Short-sleeve hospital gown 0.31 
Long-sleeve sweatshirt 0.34 Short-sleeve short robe (thin) 0.34 
Trousers and coveralls  Short-sleeve pajamas (thin) 0.42 
Short shorts 0.06 Long-sleeve long gown (thick) 0.46 
Walking shorts 0.08 Long-sleeve short wrap robe (thick) 0.48 
Straight trousers (thin) 0.15 Long-sleeve pajamas (thick) 0.57 
Straight trousers (thick) 0.24 Long-sleeve long wrap robe (thick) 0.69 
Sweatpants 0.28   
Overalls 0.30   
Coveralls 0.49   
* Date are from Chapter 9 in the 2009 ASHRAE Handbook-Fundamentals 
† “thin” refers to garments made of lightweight, thin fabrics often worn in the summer; “thick” refers to garments 
made of heavyweight, thick fabrics often worn in the winter.  
** Knee-length dresses and skirts. 
†† Lined vests.  
 
3.5 Calculation of thermal indices  
Some thermal indices have been used in this study to evaluate the outdoor thermal 
comfort in urban spaces. This section gives a detailed description of the calculation of 
these thermal indices. 
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3.5.1 Calculation of mean radiant temperature (Tmrt)  
In this study the mean radiant temperature (Tmrt) was estimated using the globe 
temperature method (Thorsson et al., 2007). Thorsson et al. (2007) compared 
different methods for estimating outdoor mean radiant temperature and found that the 
difference was relatively small between the globe thermometer method and the more 
complicated method based on integral radiation measurements and angular factor. If 
the globe temperature, air temperature and air velocity are known, the mean radiant 
temperature can be calculated according to Eq. (3.1). 
                           𝑇𝑇mrt = �(𝑇𝑇g + 273.15)4 + 1.1×108𝑉𝑉a0.6
𝜀𝜀𝐷𝐷0.4 × (𝑇𝑇g − 𝑇𝑇a)�0.25 − 273.15   (3.1) 
where  
𝑇𝑇𝑔𝑔 =  the globe temperature (oC) 
Va = the air velocity (m/s) 
Ta = the air temperature (oC) 
D = the globe diameter (mm) 
𝜀𝜀 = the globe emissivity 
The mean radiant temperature can also be estimated by the RayMan model 
(Matzarakis et al., 2007; Matzarakis et al., 2010). This study gives a comparison of 
mean radiant temperature calculated by the globe temperature method and the 
RayMan model. 
3.5.2 Calculation of physiologically equivalent temperature (PET) 
PET can be calculated using the RayMan model (Matzarakis et al., 2007; Matzarakis 
et al., 2010). PET can be easily estimated by air temperature (Ta), relative humidity 
(RH) or vapour pressure (VP), wind speed (V), mean radiant temperature (Tmrt), 
human clothing and activity in the model (Lin et al., 2010). If more information is 
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offered, the mean radiant temperature can be also estimated by global radiation, cloud 
cover, fisheye photographs, albedo, the Bowen ratio of ground surface and the Linke 
turbidity to include the shading effect while calculating short wave and long wave 
radiation fluxes (Hwang et al., 2011). Figure 3.8 shows the interface of the RayMan 
model. 
It should be noted that RayMan model assumes 0.9 clo for clothing level and 80 W 
for activity level. However, this does not essentially restrict its applicability, as the 
variation of clothing and activity does not lead to significantly different PET values if 
varied equally outdoors and in the reference indoor climate (Höppe, 1999). Besides, 
the clothing and activity values in this study do not vary significantly between the 
respondents, and the small differences of clothing and activity values will not affect 
PET significantly. 
 
Figure 3.8 Interface of the RayMan model 
3.5.3 Calculation of operative temperature 
Operative temperature (Top) is the average of the air temperature and mean radiant 
temperature weighted, respectively, by the convective heat transfer coefficient and the 
linearized radiant heat transfer coefficient for the occupant (ASHRAE, 2010). 
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According to the 2009 ASHRAE Handbook—Fundamentals (ASHRAE, 2009), 
operative temperature can be calculated by the following equation: 
                                            𝑇𝑇𝑜𝑜𝑜𝑜 = hr𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚 +ℎ𝑐𝑐𝑇𝑇𝑎𝑎hr +hc                               (3.2) 
                                                                  
where  
𝑇𝑇𝑜𝑜𝑜𝑜=operative temperature (oC) 
𝑇𝑇𝑎𝑎=air temperature (oC) 
𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚 = mean radiant temperature (oC) 
hr = linear radiative heat transfer coefficient, W/(m2·K) 




Chapter 4 Field study of outdoor thermal comfort in Singapore 
This chapter mainly presents the findings corresponding to the first objective of this 
study with the aim to investigate thermal comfort perception and thermal preference 
of people in outdoor urban spaces in Singapore.  
4.1 Methodology 
4.1.1 Study areas 
The field study was conducted in 13 different outdoor spaces in Singapore (purple 
circle in Figure 4.1). The field surveys were carried out from August 2010 to May 
2011. Each study area was carefully selected in order to represent different 
microclimatic conditions, functions and locations in the city. Thus, the data obtained 
from the survey can represent the thermal environment conditions that people may 
encounter in their daily life in urban Singapore. The study areas are typical 
resting-places which people visit to relax, meet friends, have a picnic, sunbathe, and 
play outdoor games. The description of each study area is presented in Table 4.1. 
Some typical study areas are shown in Figure 4.2. 
 




Table 4.1 Descriptions of each study area in Singapore 
 
Study area Descriptions 
Park 
East Coast Park In the east part of the city, along the sea, with trees and grass 
West Coast Park In the west part of the city, along the sea, with trees and grass 
Chinese Garden In the west part of the city, with tress, grass, and several small lakes 
Botanic Garden In the centre of the city, with trees, grass, and several small lakes 
Ang Mo Kio Town Garden In the north part of the city, with trees and grass 
Yishun Park In the north part of the city, with trees and grass 
Square 
City Hall Square In the downtown area, commercial centre, with trees, grass and shading structures 
Vivo City Square In the south part of the city, near the sea, with shading structures but no trees 
Street or road 
Orchard Road In the downtown area, commercial centre, with trees 
Chinatown Food Street In the south part of the city, dining area, with shading structures but no trees 
University campus 
National University of Singapore In the southwest part of the city, with trees and grass 
Nanyang Technological University In the west part of the city, with trees and grass 










4.1.2 Subject sample 
A total of 2036 valid questionnaires were collected during the study. The distribution 
of data sample is presented in Table 4.2. The summary of the background 
characteristics of the respondents is given in Table 4.3. In order to ensure the variety 
of sample, the data collection was carried out randomly. 
Table 4.2 Data sampling distribution 
Study area (Singapore) 
Sample Size  
All  Male  Female  
Park  East coast Park  152  75  77  
West coast Park  96  48  48  
Chinese Garden  102  51  51  
Botanic Garden  138  69  69  
Ang Mo Kio Town Garden  119  52  67  
Yishun Park  163  77  86  
Total  770  372  398  
Square  City Hall Square  255  140  115  
Vivo City Square  148  74  74  
Total  403  214  189  
Street or 
road 
Orchard Road  191  91  100  
Chinatown Food Street  82  41  41  
 Total  273  132  141  
University  National University of Singapore 228  113  115  
Nanyang Technological University  174  85  89  
 Total  402  198  204  
Others  Clark Quay  188  94  94  
Total  2036  1008 1028 
Equilibrium between males and females has been respected during the selection of 
subjects. About 49.5% of the respondents were males and 50.5% were females. The 
age of the subjects ranged from 10 to 72 with a mean value of 30.1. The mean length 
of time living in Singapore was 7.8 years, which indicates that the respondents have 
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adapted to the local climate of Singapore. Only people who engaged in low physical 
activity (sitting or standing) were approached. People who were not feeling well at 
the time of survey were not asked to participate in the survey. 
Table 4.3 Summary of the background characteristics of the respondents 
 
Sample size 2036 
Gender Male 1008 
Female 1028 














4.1.3 Data collection 
Data collection includes physical measurement and subjective assessment. Each site 
was visited two or three times, trying to obtain different weather conditions 
(sunny/cloudy). All the field surveys were carried out on days with suitable weather, 
to avoid rainy days. To account for the daily changing climatic conditions, the survey 
was usually conducted in four sections a day: morning (9-11am), midday (12-2pm), 
afternoon (3-5pm) and evening (8-10pm). 
The physical measurement aimed to collect the microclimatic parameters such as air 
temperature, relative humidity, wind speed, globe temperature and global radiation. 
The former three environmental parameters were measured by Testo 445, a system 
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for flexible measurement of different measurement data. The globe temperature was 
measured by the AZ8778 globe thermometer. The CM6B Pyranometer tracked global 
radiation, which is a combination of direct and diffuse solar radiation and the solar 
radiation reflected from the surroundings. The accuracy of the instrument conformed 
to ISO 7726 (ISO, 1998). The measurement height was 1.1m, corresponding to the 
average height of the centre of gravity for adults (Mayer and Höppe, 1987). The 
objective physical measurements for each visit lasted 15 to 20 mins. The average 
value of each measured variable was used for subsequent analysis. 
The subjective assessment was based on responses to a questionnaire survey, which 
was administered simultaneously with physical measurement during each survey. The 
scope of the questionnaire was based on several preceding studies with special 
reference to the one used in the RUROS project in Europe (Nikolopoulou and 
Lykoudis, 2006), the ASHRAE standard questionnaire for indoor thermal comfort 
study (ASHRAE, 2010) and some previous thermal comfort field studies (Spagnolo 
and de Dear, 2003a; Wong and Khoo, 2003; Yang and Zhang, 2008). The 
questionnaire comprised three sections. The first section asked the respondents to 
assess thermal sensation, thermal preference and thermal acceptability. The thermal 
sensation scale was the traditional ASHRAE 7-point scale (TSV, -3 cold, -2 cool, -1 
slightly cool, 0 neutrality, 1 slightly warm, 2 warm and 3 hot). The thermal preference 
was the 3-point McIntyre preference scale (prefer warmer, no change and cooler). The 
thermal acceptability used direct assessment (acceptable, unacceptable). The 
respondents were also asked to indicate their sensation of the air humidity, wind 
speed and solar radiation intensity based on a 5-point scale and their preference based 
on a 3-point scale (humidity sensation vote HSV, -2 too dry, -1 dry, 0 ok, 1 humid, 2 
very humid; wind speed sensation vote WSV, -2 stale, -1 little wind, 0 ok, 1 windy, 2 
too much wind; sun sensation vote SSV, -2 too weak, -1 little weak, 0 ok, 1 little 
strong, 2 too strong). The second section of the questionnaire asked some questions 
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relevant to thermal adaptation of the respondents. The third section dealt with 
demographic information such as age and gender, length of time living in Singapore, 
activity levels, and the clothes respondents were wearing. A summary of the 
information investigated is presented in Table 4.4. The respondents needs to stay at 
the outdoor spaces for at least 10 mins before the interview. 
Metabolic rate and clothing insulation were estimated in accordance with ASHRAE 
standard 55–2010 (ASHRAE, 2010). The standard provided a checklist of typical 
activities and their corresponding metabolic rates. As only respondents who were 
sitting and standing were included during the survey, the metabolic rate was taken to 
be 1.2 met and 1.4 met for sitting and standing respondents respectively (1 
met=58.15W/m2). The typical attire of people in Singapore is short T-shirt and short 
pants or short skirt. The average clothing values was found to be 0.30 clo (1 
clo=0.155°C m2/W). 
Table 4.4 Information gathered from questionnaire form in field survey 
 
Section Topic of investigation Descriptions 
1 Thermal comfort status  Thermal perception of thermal environment, 
humidity, wind speed and sun (7-point scale 
for thermal sensation, 5-point scale for the 
perception of humidity, wind speed and sun) 
 Thermal preference of thermal environment, 
humidity, wind speed and sun (3-point scale)  
 Thermal acceptability of the overall thermal 
environment  
2 Evaluation of adaptation 
factors and the use of urban 
spaces 
 Reason to be in the place 
 Time of exposure 
 Previous environment 
 Visiting frequency 
 Adaptive behaviors 
3 Demographic information  Age, sex, race 
 Activity 
 Clothing level 
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4.2 Outdoor meteorological conditions 
The statistical summary of the microclimatic variables measured during the survey is 
given in Table 4.5. It is apparent that the outdoor climate condition was hot and 
humid with high air temperature and high humidity. The wind speed was relatively 
low and 62.7% of the wind speeds were less than 1.0 m/s. The mean global radiation 
was not very high due to the fact that most of the surveys were conducted in shaded 
areas and some of the surveys were conducted during evening. 
Table 4.5 Summary of the physical data of meteorological conditions 
 Min Max Mean SD 
Air temperature(°C) 26.3 36.0 30.9 1.6 
Globe temperature(°C) 26.6 39.9 32.2 2.3 
Relative humidity (%) 47.8 90.8 69.6 7.9 
Vapour pressure (hPa) 23.7 37.4 31.0 2.2 
Wind speed (m/s) 0.08 4.49 0.97 0.66 
Global radiation (W/m2) 0 738.0 201.6 114.4 
Mean radiant temperature (°C) 26.0 64.3 34.7 4.3 
Operative temperature (°C) 26.6 40.7 31.5 1.8 
4.3 Subjective thermal responses 
It should be noted that the data analysis in this section was based on the whole data 
set (2036 samples). Separate analysis has been conducted for morning, midday, 
afternoon and evening period, but the result shows that there were no much 
differences between these different time periods. 
4.3.1 Thermal sensation and preference 
Figure 4.3 shows the distribution of thermal sensation votes based on 7-point 
ASHRAE scale. Most of the responses (70.7%) were clustered on the warm side of 
the scale (TSV>0). Apart from the very little responses (2.2%) voted for the cool side 
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(TSV<0), the remaining 27.1% of the responses were neutral. It should be noted that 
no respondents voted for cold (-3).  
As for the thermal preference, 67.5% of the respondents preferred to be cooler, 30.0% 
of the respondents preferred no change and only 2.5% of the respondents preferred to 
be warmer.  
The results are well matched with the recorded outdoor thermal environments with a 
hot and humid condition as well as high solar radiation intensity and low wind speed 
on most occasions. 
 
Figure 4.3 Distribution of thermal sensation votes 
4.3.2 Humidity sensation and preference 
Figure 4.4 presents the distribution of humidity sensation votes during the survey. 
The scale used ranges from “too dry (-2)” to “very humid (+2)”. Within the relative 
humidity range of 47.8~90.8% or vapour pressure range of 23.7~37.4 hPa, 49.9% of 
the respondents considered the humidity as fine (0). 13.9% of the respondents voted 
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and very humid (+2). 
As for the humidity preference, 25.7% of the respondents would like to be less humid 
and 19% wanted more humid. Quite a large percentage (55.3%) of the respondents 
preferred no change in the humidity.  
The results indicate people in hot and humid climate may not be sensitive to the 
change of humidity, which could due to the fact that they have been adapted to the 
high humidity conditions. The effect of humidity on human thermal comfort will be 
discussed deeply in the following section. 
 
Figure 4.4 Distribution of humidity sensation votes   
4.3.3 Wind speed sensation and preference 
Figure 4.5 shows the distribution of votes on wind speed sensation. The scale used 
ranges from “stale (-2)” to “too much wind (+2)”. According to the survey results, 
only 30.2% of the respondents felt that the wind speed was fine (0) and 19.0% of 
them indicated their wind sensation in the windy regions (+1, +2). More than half of 


















Meanwhile, 35.1% the respondents wanted no change and 53.3% wanted greater 
wind speed. Only 11.6% of the respondents wanted less wind speed.  
The results are in line with the low wind speeds observed in the field survey. It shows 
that 62.7% of the wind speeds were less than 1.0m/s and the mean value of wind 
speed was 0.97m/s. The wind speed was not high enough to create sufficient cooling 
effect and ameliorate the hot sensation when air temperature was high. Thus, effective 
ways that can improve ventilation are needed in outdoor urban spaces in Singapore. 
 
Figure 4.5 Distribution of wind speed sensation votes 
4.3.4 Sun sensation and preference 
Figure 4.6 shows the distribution of sun sensation votes. The scale used ranges from 
“too weak (-2)” to “too strong (+2)”. The cases of the evening period were not 
included in this analysis. There was 39.0% of the respondents felt the sun was fine (0) 
and 53.0% of the respondents considered the sun as little strong (+1) and too strong 
(+2). A lower percentage (8.0%) of the respondents indicated the sun as little weak 




















As for the sun preference, 50.8% of respondents expressed a preference of no change, 
followed by 47.8% weaker and 1.4% stronger.  
The results show that although most of the surveys were conducted in the shaded 
areas, quite a lot of people still considered the solar radiation strong. 
 
Figure 4.6 Distribution of sun sensation votes 
4.4 Correlation between thermal responses votes 
Since the thermal responses votes (TSV for thermal sensation votes, HSV for 
humidity sensation votes, WSV for wind speed sensation votes and SSV for sun 
sensation votes) were recorded at the ordinal scale and were not normally distributed, 
the Spearman Rank Order Correlation Coefficient, which is a non-parametric measure 
of the strength and direction of association that exists between two variables, was 
used to measure the correlation between the thermal responses variables (Dowdy et 
al., 2004). 
Table 4.6 shows the result of correlation analysis. It can be seen that sun sensation 

















correlation coefficient of 0.470, followed by wind speed sensation (WSV) with a 
correlation coefficient of -0.206. Humidity sensation (HSV) seems to have less effect 
on thermal sensation (TSV) with a very small correlation coefficient of -0.094. The 
result also reveals that thermal sensation vote (TSV) tends to increase with the 
increase of sun sensation vote (SSV), and decrease with the increase of wind speed 
sensation vote (WSV). 
Table 4.6 Correlations analysis among thermal responses votes 
 TSV HSV WSV SSV 
TSV Correlation Coefficient 1.000 -.094** -.206** .470** 
Sig. (2-tailed) . .000 .000 .000 
N 2036 2036 2036 1784 
HSV Correlation Coefficient -.094** 1.000 -.018 -.099** 
Sig. (2-tailed) .000 . .404 .000 
N 2036 2036 2036 1784 
WSV Correlation Coefficient -.206** -.018 1.000 -.145** 
Sig. (2-tailed) .000 .404 . .000 
N 2036 2036 2036 1784 
SSV Correlation Coefficient .470** -.099** -.145** 1.000 
Sig. (2-tailed) .000 .000 .000 . 
N 1784 1784 1784 1784 
a Correlation is significant at the 0.01 level (2-tailed). 
Based on the previous correlation analysis, it can be concluded that solar radiation 
had the most significant effect on human thermal sensation in outdoor spaces and 
seeking shading under trees or shelters was the most preferred method for people to 
adapt to the outdoor thermal environment. In order to improve outdoor thermal 
comfort in tropical climate, it is suggested to allow a compact urban form with deeper 
street canyons and to provide additional shade through the use of tress, covered 
walkways, pedestrian arcades, etc (Johansson and Emmanuel, 2006). However, 
Singapore has a rather open urban characteristic in which the greenery blends 
between the building arrangements and fill its open spaces (Wong and Jusuf, 2010). It 
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is unique as compared with typical European countries, such as in Athens and Rome 
that have relatively uniform low-rise buildings with narrow streets, or even with its 
Asian counterparts, such as Hong Kong that has high-rise high density urban 
characteristic (Wong and Jusuf, 2010). Thus, a good way is to improve outdoor 
thermal comfort is to combine the lower density urban configuration with higher 
building height (Wong et al., 2011). Proportionally planned building height and urban 
corridor width affect in minimizing sky view factor (SVF) value and solar heat 
radiation coming into urban canopy layer (Wong and Jusuf, 2010) which help to 
improve the thermal comfort condition. A more detailed analysis of the urban design 
strategies for improving thermal comfort in outdoor urban spaces in Singapore will be 
discussed later in Chapter 7. 
4.5 Neutral temperature 
Thermal neutrality was usually determined by analyzing the relationship between 
thermal sensation votes (TSVs) and operative temperature (Top). In this study, 
operative temperature was divided into a total of 26 data bins with an increment of 
0.5oC. Then, mean thermal sensation vote (MTSV) for each data bin was weighted 
with the number of subjective responses falling in the corresponding bin. By doing 
this, the effects of large randomness from small sample size bins can be removed. 
Simple linear regression was performed on mean thermal sensation vote (MTSV) as a 
function of operative temperature (Top) as shown in Figure 4.7. A good linear 
relationship was found between MTSV and Top: 
                 MTSV=0.356Top-10.211    R2=0.970               (4.1) 
The neutrality was derived by solving the equations for a mean sensation vote of zero, 
and the neutral operative temperature was 28.7oC. And the 80% acceptable range was 
26.3-31.1oC by assuming the ±0.85 on the ASHRAE scale corresponds with the 80% 
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of thermal acceptability (ISO, 2005). 
 
Figure 4.7 Regression of thermal sensation and operative temperature 
4.6 Effect of humidity on human thermal comfort in hot and humid conditions   
As mentioned in Section 4.3.2, people in hot and humid climate may not be sensitive 
to the change of humidity, which could due to the fact that they have been adapted to 
the high humidity conditions. Givoni et al. (2006) summarized several thermal 
comfort studies conducted in hot and humid climates and concluded that the effect of 
humidity on thermal sensation was small to negligible, suggesting an insensitivity of 
the acclimatized subjects to the humidity level in these countries. However, the effect 
of humidity on human thermal comfort in hot conditions is a disputed topic. A 
problem complicating the analysis is the fact that the effect of humidity is not an 
independent factor. The effect of humidity also depends on the levels of the other 
climatic factors like air temperature and air speed (Givoni et al., 2006). 
Figure 4.8 shows the mean thermal sensation vote (MTSV) at different temperature 
(PET) classified by different vapour pressure ranges. It can be seen that at lower 
temperatures, the effect of vapour pressure on human thermal sensation was not 































obvious even when the vapour pressure was high. However, at higher temperatures, 
the effect of vapour pressure on human thermal sensation was obvious. The higher 
the vapour pressure, the hotter that the respondents felt. 
 
Figure 4.8 Mean thermal sensation vote (MTSV) at different temperature (PET) 
Figure 4.9 shows the mean wind speed sensation vote (MWSV) at different wind 
speed classified by different vapour pressure ranges. It can be seen that respondents 
felt the wind more stuffy at high vapour pressures that at lower vapour pressures. The 
perception of stuffiness of wind could also be attributed to high humidity. 
 






























































4.7 Thermal acceptability and acceptable thermal condition 
Thermal acceptability was obtained by directly asking the respondents whether they 
were acceptable with the outdoor thermal conditions. Binary logistical regression was 
used to figure out the relationship between the percentage of thermal acceptability 
(PA) and thermal sensation vote (TSV). The best-fitting logistical model for PA 
against TSV is shown in Eq. (4.2). The relationship between PA and TSV is 
illustrated in Figure 4.9. 
          PA=exp(-1.118TSV+2.583)/(1+ exp(-1.118TSV+2.583))         (4.2) 
ASHRAE Standard 55 (ASHRAE, 2010) specifies that acceptable thermal conditions 
must be acceptable to at minimum 80% for typical applications. As shown in Figure 
4.9, the 80% of thermal acceptability corresponds to +1.07 of the thermal sensation 
scale (TSV). By substituting the TSV value of +1.07 into the linear regression Eq. 
(4.1) we have found a corresponding temperature of 31.7oC, indicating that the 
thermal conditions with operative temperature lower than 31.7oC could be viewed as 
acceptable. It can be seen that the upper temperature limit of 31.7oC of the 80% 
thermal acceptability was 0.6oC higher than that of 31.1oC derived by assuming the 
±0.85 on the ASHRAE scale corresponds with the 80% of thermal acceptability (ISO, 
2005). Thus, the acceptable operative temperature range could be extended from 
26.3-31.1oC to 26.3-31.7 oC. 
The percentage of thermal acceptability (PA) at different levels of operative 
temperature (Top) and thermal sensation (TSV) can be established according to Eqs. 
(4.1) and (4.2), as shown in Table 4.8. This table can be used by urban designer as a 
reference to roughly estimate the percentage of people feeling acceptable at different 





Figure 4.10 Relationship between percentage of thermal acceptability (PA) and 
thermal sensation vote (TSV) 
Table 4.7 Percentage of thermal acceptability (PA) at different levels of operative 





Percentage of thermal 
acceptability (%) 
26 -0.96 97.5 
27 -0.60 96.3 
28 -0.24 94.6 
29 0.11 92.1 
30 0.47 88.7 
31 0.83 84.0 
32 1.18 77.9 
33 1.54 70.4 
34 1.89 61.5 
35 2.25 51.7 
36 2.61 41.8 
4.8 Summary 
The findings of this chapter fulfilled the first objective of this study. The important 
findings are presented as follows: 


































Thermal sensation vote (TSV)
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(70.7%) voted for the warm side of the thermal sensation scale (TSV>0) and 67.5% 
of the respondents preferred to be cooler. 
Thermal sensation was found to be a good linear function of operative temperature 
with the thermal neutrality of 28.7oC. The acceptable operative temperature was 
found to be 26.3-31.7°C. 
Based on correlation analysis, sun sensation (SSV) has the most significant influence 
on thermal sensation (TSV) with a correlation coefficient of 0.470. Thus, solar 
radiation should play an important part in affecting human thermal sensation in 
outdoor spaces in Singapore. Combination of lower density urban configuration with 
higher building height should be a good way to reduce the solar radiation and thus 
improve the outdoor thermal comfort in Singapore.  
Thermal acceptability analysis shows that the acceptable operative temperature range 
was 26.3-31.7 oC in Singapore. A table was also given to determine the percentage of 
thermal acceptability (PA) at different levels of operative temperature (Top) and 
thermal sensation vote (TSV). This table can be used by urban designer as a reference 





Chapter 5 Thermal adaptation in outdoor urban spaces 
This chapter focuses on the second objective of this study. It firstly explores the 
impact of some thermal adaptation factors on outdoor thermal comfort in Singapore 
and compares this outdoor thermal comfort study with previous indoor and 
semi-outdoor thermal comfort studies in Singapore. Then, it goes into more depth to 
discuss thermal adaptation by giving a detailed comparative analysis of thermal 
responses and thermal adaptation of people in outdoor urban spaces in Singapore and 
Changsha, China. Lastly, the neutral temperature in this study is compared with other 
previous outdoor thermal comfort studies. Findings of the above analysis should shed 
light on the understanding of human thermal adaptation on thermal comfort in 
outdoor urban spaces. 
5.1 Impact of thermal adaptation factors on outdoor thermal comfort in 
Singapore 
This study attempted to explore the impact of thermal adaptation factors on thermal 
sensation based on the responses to five questions, i.e. purpose of stay, time of 
exposure, previous environment (air conditioned or naturally ventilated), visiting 
frequency and adaptive behavior. Table 5.1 lists the questions related to thermal 
adaptation during the survey.  
Since the thermal sensation votes (TSVs) in this study was not normally distributed, 
non-parametric test (Mann-Whitney Test or Kruskal-Wallis H Test) was applied to 
evaluate the difference between the variables (Dowdy et al., 2004). And all the data 





Table 5.1 Questions for thermal adaptation analysis 
Question Answer 
1 Purpose of stay 
(Why do you come to this place?) 
1 Rest 
2 Social or cultural activity (meeting friends, 
taking photos, painting, cultural and 
religious events, study, taking care of 
children, shopping, etc.)  
3 Passage to other places 
4 Others 
2 Time of exposure 
(How long have you been in this place?) 
1 Ten to twenty mins 
2 Twenty to thirty mins 
3 Thirty mins to 1 hour 
4 More than 1 hour 
3 Previous environment 
(Which environment were you in 15 mins 
prior to the survey now?) 
1 Naturally ventilated 
2 Air conditioned 
4 Visiting frequency 
(How often do you come to this place?) 
1 First time 
2 One or two times per year/half year 
3 One or two times per month 
4 One or two times per week 
5 More than two times per week 
5 Adaptive behavior 
(If you feel it is too hot in this place, what 
measures do you prefer to take in response? 
Multi-choice) 
1 Move to shaded trees/shelters 
2 Open umbrella/wear hat 
3 Get more drink 
4 Reduce clothing 
5 Nothing/go away 
 
5.1.1 Impact of purpose of stay 
The questionnaire asked respondents why they came to the outdoor spaces and four 
answers were provided for this question (rest, social or cultural activity, passage to 
other places, others). Based on Kruskal-Wallis H test, thermal sensation vote was not 
statistically different (p=0.950>0.05) for respondents with different purposes, 




5.1.2 Impact of exposure time 
The questionnaire asked respondents how long they have been in the outdoor spaces 
and four answers were provided for this question (10-20 min, 20-30 min, 30 to 1 h, 
more than 1 h). Kruskal-Wallis H test shows that thermal sensation vote was not 
statistically different (p=0.544>0.05) for respondents with different exposure time, 
which suggests that time of exposure may not significantly affect thermal sensation in 
outdoor spaces. 
However, it can be observed that the mean thermal sensation vote was 0.95, 0.92, 
0.88, and 0.87 for the respondents of 10-20 min, 20-30 min, 30 min to 1 h and more 
than 1 h, respectively. Since it takes time for the human body to adapt when the 
thermal conditions are changed (Thorsson et al., 2004), longer exposure time may 
help people adapt to the hot conditions and thus make them more tolerant with the hot 
conditions. 
5.1.3 Impact of visiting frequency 
The questionnaire asked respondents how often they came to the outdoor spaces and 
five answers were provided for this question (first time, one or two times per year, 
one or two times per month, one or two times per week, more than two times per 
week). Kruskal-Wallis H test shows thermal sensation vote was not statistically 
different (P=0.950>0.05) for respondents with different visiting frequency, which 
suggests that human thermal sensation may have nothing to do with the visiting 
frequency. 
5.1.4 Impact of air-conditioned (AC) and naturally ventilated (NV) experiences 
Air conditioning is widely used in Singapore with its hot and humid conditions and 
the air-conditioning temperature set point is usually at 24oC in public places. Höppe 
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hypothesized that in summertime it makes a large difference whether a subject 
entering an outdoor scenario has stayed in an air-conditioned room before or not 
(Höppe, 2002). In order to examine the influences of air-conditioned (AC) and 
naturally ventilated (NV) experiences on human thermal sensation, respondents were 
asked to indicate their previous environment (AC or NV environment 15 min prior to 
the survey), and the two group respondents are differentiated and analyzed separately. 
Mann-Whitney test shows the thermal sensation vote was statistically different (P < 
0.001) for respondents who previously stayed at AC and NV spaces. The differences 
between the two group respondents may be further clarified by comparing the neutral 
temperature for each group. Simple linear regression was conducted to determine the 
neutral temperatures. The regression models of each group respondents are plotted in 
Figure 5.1. 
Both the regression models were statistically significant (p < 0.001 for both AC and 
NV respondents). The neutral point was found at 28.3oC and 28.8oC for AC and NV 
respondents, respectively. A slight difference of 0.5oC was observed between the two 
groups. 
It can be seen in Figure 5.1 that given the same temperature (<34oC), the AC group 
had a slightly higher TSV than the NV group, suggesting the NV group were more 
tolerant to the heat stress in outdoor spaces. This could be due to the fact that AC 
respondents stayed at a thermal condition which was much cooler and stable than the 
outdoor environment, while the NV respondents stayed at a thermal condition which 
was similar to the outdoor environment, thus the latter could adapt more easily to the 





Figure 5.1 Regression analysis for air conditioned (AC) and naturally ventilated (NV) 
respondents 
5.1.5 Impact of adaptive behavior 
If the person is dissatisfied with the uncomfortable condition, they make some 
behavior adjustments, which can be classified into personal, environmental and 
cultural adjustments (Brager and de Dear, 1998). Human thermal adaptation to the 
thermal environment is the comprehensive effect of the behavior adjustments. There 
is a broad agreement among thermal comfort researchers that individual control of 
local thermal environments is by far the best solution from a comfort and satisfaction 
standpoint (Fountain et al., 1996). During the survey, the respondents were asked to 
indicate what measures they would prefer to take if they felt it was too hot in the 
outdoor spaces and five kinds of measures were provided.  
Figure 5.2 displays the percentage of different adaptive behaviors that people adopted 
to mitigate the hot sensation. It shows that moving to shaded trees/shelters is highly 
preferred by respondents with the percentage of 80.8%, followed by opening 
































shelters is important for people to enjoy the outdoor spaces in Singapore. Even by 
using umbrella and hat, people could be shaded from the high solar radiation to some 
extent. Only 23.9% chose getting more drink and 4.9% chose reducing clothing. The 
low percentage of reducing clothing could be attributed to that the amount of clothing 
was reduced to a level that was culturally acceptable and could not be reduced 
beyond that level regardless of air temperature (Yang and Zhang, 2008). A large 
percentage of respondents (15.4%) chose nothing to do/go away, indicating that some 
people were unwilling to take behavior adjustments and did not want to use the urban 
spaces if the outdoor thermal environment was too hot there. 
 
Figure 5.2 Percentage of different adaptive behaviors 
5.2 Comparisons with indoor and semi-outdoor thermal comfort studies in 
Singapore 
Table 5.2 presents the comparison with indoor and semi-outdoor studies in Singapore 
in recent ten years. The indoor conditions were all naturally ventilated while the 
semi-outdoor conditions were mainly naturally ventilated and sometimes with 
mechanical fans. The semi-outdoor space refers to the internal architectural space in a 

























lobbies, corridors, atriums, courtyards, passages, verandas, etc. All the neutral 
temperatures and preferred temperatures in Table 5.2 are based on operative 
temperature. The neutral temperature (28.7oC) obtained in the present study was 
almost identical to the indoor studies by Wong and Khoo (28.8oC) and Feriadi 
(28.6oC), indicating that as long as the space is naturally ventilated and under same 
climatic condition, there is no big differences between indoor and outdoor conditions 
in terms of neutral thermal sensation. A temperature difference of 1.6oC was found 
between semi-outdoor study (27.1oC) and this study (28.7oC). However, this 
difference is not reliable due to that the semi-outdoor spaces in Song’s study were 
food centers where the consumption of food can make a real impact on the body's 
thermal balance and thus affect the thermal sensation.  
Table 5.2 Comparisons with indoor and semi-outdoor thermal comfort studies in 
Singapore 










29.4 oC 28.5 oC N.A. 
Wong and Khoo 
(2003) 
Indoor (Classroom) N.A. 28.8 oC N.A. 
Feriadi (2004) Indoor (Residential 
building) 
29.7 oC 28.6 oC 26.8-31.0 oC 
Song (2006) Semi-outdoor (Food 
center) 
32.2 oC 27.1 oC 23.0-31.2oC 
Current study Outdoor spaces 30.9 oC 28.7 oC 26.3-31.1oC 
By assuming that limits of ±0.85 on the ASHRAE scale corresponds with 80% of the 
group being satisfied (ISO, 2005), the acceptable temperature range can be calculated 
for the above studies. The acceptable temperature range was 26.8-31.0oC, 
23.0-31.2oC and 26.3-31.1oC for Feriadi’s study, Song’s study and this study, 
respectively. No information of acceptable temperature range can be found for Wong 
and Khoo’s study. It can be seen that the upper temperature limit of the acceptable 
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range was almost the same for the three environment conditions. Since the cold 
discomfort rarely occurred in tropical climate, it could be said that there were no 
differences among the three environment conditions in terms of acceptable 
temperature range.  
The above result seems to contradict with the findings by Spagnolo and de Dear 
(2003a) which indicates that the acceptable range of outdoor context should be wider 
than the indoor context due to different expectation. It should be noted that this 
contradiction could be due to the method of calculating the acceptable temperature 
range. The acceptable range here was derived by assuming the ±0.85 on the ASHRAE 
scale corresponds with the 80% of thermal acceptability (ISO, 2005). However, it is 
argued that neutrality was not necessarily ideal for a significant number of people and 
thermal sensations outside of the three central categories of ASHRAE 7-point scale 
did not necessarily reflect discomfort for a substantial proportion of people (Fountain 
et al., 1996; Humphreys and Hancock, 2007; Hoof, 2008). Another reason for the 
contradiction could be due to the special tropical climate context of Singapore. The 
differences of mean air temperature in indoor (29.7oC), semi-outdoor (32.2oC) and 
outdoor (30.9oC) conditions are small, as shown in Table 5.2. This special climate 
context of Singapore is quite different from the climate context in cities of cold, 
temperate or subtropical climate, where the indoor temperatures and outdoor 
temperatures could be quite different. Furthermore, people in Singapore have the 
same clothing and activity level in indoor (naturally ventilated) and outdoor 
conditions. Thus, it is reasonable to find no big differences among the indoor, 
semi-outdoor and outdoor conditions in terms of acceptable temperature range for 




5.3 Comparative analysis between Singapore and Changsha, China 
Over the years, many field studies on thermal comfort have been conducted in 
different outdoor spaces and in different seasons across different geographical and 
climatic zones. These studies have provided valuable information on the 
understanding of the effects of outdoor climatic conditions and thermal adaptation 
factors (Hwang et al., 2007; Lin et al., 2011) on people’s thermal sensation as well as 
the use of outdoor spaces (Lin, 2009). By comparing outdoor comfort studies 
conducted in different climatic zones, it would be possible to evaluate the effect of 
changes in the prevailing climatic conditions on the temperature range within which 
people feel comfortable outdoors (Givoni et al., 2003), and to understand how people 
would adapt to their local climates.  
This section presents the comparative analysis of two comprehensive field studies on 
outdoor human thermal conditions which were carried out separately in Singapore 
and Changsha, China. The main aim was to compare thermal responses and thermal 
adaptation of people in outdoor urban spaces in Singapore and Changsha, China. 
Since Singapore is a country with summer all year round, the field study in Changsha 
was carried out in the summer season to ensure the comparability of human thermal 
conditions in Changsha and Singapore.  
5.3.1 Methodology 
5.3.1.1 Study areas 
This comparative analysis includes two field surveys of outdoor thermal conditions in 
two cities in different parts of the world. The first survey was conducted in 13 
outdoor urban spaces in Singapore from August 2010 to May 2011. The second 
survey was performed in 17 outdoor urban spaces in Changsha from June 2010 to 
August 2010. The outdoor spaces studied included parks, squares, streets and 
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university campuses in the field surveys. The site selection process aimed to capture a 
wide range of environmental and microclimatic conditions in both cities. The areas 
selected for the study were typical resting places in outdoor urban spaces.  
The descriptions of each study area in Singapore have been presented in Table 4.1 in 
Chapter 4. The descriptions of each study area in Changsha are presented here in 
Table 5.3. Respondents with age younger than 20 or older than 60 were not included 
in the analysis. A total of 4,072 valid questionnaires were collected during the two 
surveys. The distribution of sample data is presented in Table 5.4. 
5.3.1.2 Climate background  
Singapore is situated between 103o36’E–104o25’E longitude and 1o09’N–1o29’N 
latitude. According to Köppen-Geiger climate classification, Singapore's climate is 
classified as tropical rainforest climate. It has high and uniform temperature and high 
humidity all year round. The diurnal temperature variations are small with the range 
for minimum and maximum temperatures of 24ºC to 26ºC and 31ºC to 33ºC 
respectively. The mean annual relative humidity is 84%. There are 2064 sunshine 
hours annually and approximately 5.7 sunshine hours for each day. What limited 
seasonality that does exist is attributable to shifts in prevailing wind directions and 
the attendant changes in cloud cover, rainfall, and solar radiation (de Dear, 1989). The 
two main seasons are the northeast monsoon which lasts from about November until 
March, and the southwest monsoon from about May through September. The average 
and maximum hourly global radiation is 189Wh/m2 and 882Wh/m2 respectively in 
Singapore. While the ambient air temperatures in Singapore are very homogeneous, 
one could expect that variability of solar radiation and also wind velocities will 
differentiate the physiologic/comfort seasons of the island (de Dear, 1989). 
Changsha is located in south central China at a longitude between 111°53’E and 
114°5’E and latitude between 27°51’N and 28°40’N. According to Köppen-Geiger 
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climate classification, Changsha is classified as a humid subtropical climate. It has 
four distinct seasons with long summer and winter and short spring and autumn. The 
summer season in Changsha (from June to August) is characterized by high air 
temperature, high humidity and high solar radiation. Under the control of subtropical 
high air pressure, high temperatures hold up through the whole summer. The average 
minimum temperature is 22ºC and average maximum temperature is 36ºC in 
Changsha in summer. The relative humidity frequently exceeds 75% in summer. The 
average sunshine hours is 7.4 per day in summer. The average and maximum hourly 
global radiation is 185Wh/m2 and 1294Wh/m2 respectively in Changsha in summer. 
It can be seen that Singapore and Changsha both experience hot and humid climatic 
condition during the study period. However, the variation of outdoor climate in 
Changsha (temperature range of 22ºC to 36ºC) in summer is larger than that in 
Singapore (temperature range of 24ºC to 33ºC). Based on adaptive theory, this study 
hypothesizes that occupants in Singapore and Changsha have different thermal 
comfort requirements for the outdoor urban spaces because of the different variation 
of outdoor climate in Singapore and Changsha in summer. 
5.3.1.3 Data collection 
Data collection in Singapore has been fully described in Chapter 4. Data collection in 
Changsha is similar to Singapore, which was basically divided into environmental 
and human monitoring (questionnaire). Environmental monitoring recorded the 
microclimatic conditions in the immediate surroundings of the respondents. The 
microclimatic parameters considered in the analysis are air temperature (Ta), globe 
temperature (Tg), relative humidity (RH), vapour pressure (VP), wind speed (V) and 
global radiation (GR). 
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Table 5.3 Descriptions of each study area in Changsha 
Study area Descriptions 
Park  
Nanjiao Park In the south part of the city, covered with trees  
Martyr memorial park In the north part of the city, with tress and a large lake 
Moon Lake Park In the northeast part of the city, with trees and grass and several big lakes 
Orange Park In the west part of the city, along Xiangjiang River, covered with trees and grass 
Botanic Garden In the south part of the city, covered with trees 
Yuelushan National Park In the west part of the city, at the foot of Yuelu mountain, with trees and grass 
Square  
Dongfanghong Square In the west part of the city, at the foot of Yuelu mountain, with trees 
One best Plaza In the west part of city, commercial centre, with no trees, no shading structures 
Windows of the World  In the north east of the city, with no trees, no shading structures 
Huangxing Square In the downtown area, with no trees, no shading structures 
Street or road 
South Huangxing Ambulation Street In the downtown area, commercial centre, with trees and shading devices 
Xiaoxiang Road In the west part of the city, along the Xiangjiang River, comprising a paved sidewalk, with few trees 
Yanjiang Road In the east part of the city, comprising a paved sidewalk, with trees 
University 
campus 
Hunan University In the west part of the city, with trees, and terrible traffic in the campus  
Hunan Normal University In the west part of the city, with trees, and terrible traffic in the campus 
Central South University In the southwest part of the city, with trees and several small lakes 
Changsha University of Science and Technology In the city centre, with trees 
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Table 5.4 Sampling distribution of Singapore and Changsha 
Characteristic             Singapore    Changsha 




1005        993 
1015        1059 
Age (years) 
Mean                    30.3        25.9 







Years living in local cities 
Mean                    7.3         10.3 








The instrument used for the field survey in Changsha was Swema 3000. Two probes 
were equipped with Swema 3000, among which the Swa03 probe measured wind 
speed and air temperature and the Hygroclip S probe measured relative humidity and 
air temperature. The globe temperature was measured by the AZ8778 globe 
thermometer. Global radiation in Changsha was measured by the AM-20P 
Pyranometer. The accuracy of the all the instruments conformed to ISO 7726 (ISO, 
1998). The measurement height was 1.1 m, corresponding to the average height of the 
centre of gravity for adults (Mayer and Höppe, 1987). 
Human monitoring addressed the subjective thermal responses including the 
respondents’ thermal sensation, thermal preference, thermal acceptability, humidity 
sensation, wind speed sensation, sun sensation, and thermal adaptation as well as 
respondents’ demographic background, clothing and activity level. The questionnaire 
samples used for field surveys are presented in Appendix 1 (English version) and 
Appendix 2 (Chinese version). 
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5.3.2 Comparison of outdoor meteorological conditions  
Table 5.5 gives the statistical summary of meteorological conditions for both 
Singapore and Changsha. It is apparent that air temperature was quite high in both 
cities, with a mean air temperature of 30.9oC in Singapore and 32.3oC in Changsha. 
Relative humidity was also high in both cities. Wind speed was relatively low with a 
mean of 0.97 m/s in Singapore and 0.94 m/s in Changsha. The global radiation was 
not very high in both cities as most of the surveys were conducted in shaded areas 
and some of the surveys were conducted during evening. PET was high in both cities 
with an average value of 32.0 oC in Singapore and 33.1 oC in Changsha. 
It can be seen that the outdoor climate conditions in both cities were similar with hot 
and humid conditions. However, some differences between outdoor climate variables 
in the two cities can be observed. Outdoor air temperature and PET in Changsha were 
higher than those in Singapore, indicating that the climatic condition in Changsha was 
hotter than that in Singapore. Global radiation was higher in Singapore than that in 
Changsha. Except for the wind speed and vapour pressure, the differences of the 
above microclimatic parameters between Singapore and Changsha were all 
statistically different (P<0.001).  
Table 5.5 Statistical summary of meteorological conditions 
 Singapore Changsha 
Mean SD Min Max Mean SD Min Max 
Air temperature(°C) 30.9 1.6 26.3 36.0 32.3 2.7 26.4 38.4 
Globe temperature(°C) 32.2 2.3 26.6 39.2 32.9 3.0 26.5 40.4 
Relative humidity (%) 69.6 7.9 47.8 90.8 64.8 11.0 40.0 90.3 
Vapour pressure (hPa) 31.0 2.2 23.7 37.4 31.0 2.6 22.8 37.5 
Wind speed (m/s) 0.97 0.66 0.08 4.49 0.94 0.56 0.11 3.21 
Global radiation (W/m2) 201.9 114.4 0 738.0 174.5 99.0 0 714.0 
Mean radiant temperature (°C) 34.7 4.3 26.0 64.3 34.1 4.9 26.3 64.9 
PET (°C) 32.0 2.9 24.0 44.7 33.1 4.1 24.0 50.5 
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5.3.3 Relationship between measured mean radiant temperature and modelled 
mean radiant temperature by RayMan 
Figure 5.3 shows the relationship between the measured Tmrt by globe temperature 
and modelled Tmrt by RayMan for both Singapore and Changsha. The measured and 
modelled Tmrt was well correlated (R2=0.924 for Singapore and R2=0.905 for 
Changsha) and the regression was statistically significant at 95% level. The result 
indicates that RayMan can accurately predict Tmrt in both Singapore and Changsha. 
 
Figure 5.3 Relationship between measured mean radiant temperature and modelled 
mean radiant temperature by RayMan 
5.3.4 Relationship between measured mean radiant temperature and PET  
Figure 5.4 shows the relationship between measured Tmrt and PET for both 
Singapore and Changsha. PET was well correlated with measured Tmrt (R2=0.743 for 
Singapore and R2=0.796 for Changsha) and the regression was statistically significant 
at 95% level. It has been pointed out by Mayer et al. (2008) that among the 
meteorological variables necessary to calculate PET, the strongest influence on PET 




Figure 5.4 Relationship between measured mean radiant temperature and PET 
5.3.5 Comparison of subjective responses  
5.3.5.1 Perception of air humidity 
Figure 5.5 presents the mean humidity sensation votes at different vapour pressure 
range for both Singapore and Changsha. It shows that with the same vapour pressure, 
the mean humidity sensation vote in Singapore was higher than that in Changsha, 
indicating that respondents generally felt more humid in Singapore than in Changsha. 
T-test also shows that the difference between the two city respondents was 
statistically significant (t(24)=-3.011, P=0.006<0.05). 
5.3.5.2 Perception of wind speed 
Since the perception of wind is closely related to air temperature, simple linear 
regression analysis was performed to find out the relationship between the mean wind 





Figure 5.5 Humidity sensation and vapour pressure 
The regression equations for both cities are listed in Table 5.6. The optimum wind 
speed that respondents felt fine at each PET range was derived by solving the 
equations for a mean sensation vote of zero. From the p-values presented in the table, 
it can be seen that the correlation between MWSV and outdoor wind speed was 
significant for all the equations (p<0.001). 
In Singapore, in the PET ranges of 24–28°C, 28–32°C and 32–36°C, the optimum 
wind speeds required by respondents were 1.2 m/s, 1.5 m/s and 2.1 m/s, respectively. 
In Changsha, in the PET ranges of 24–28°C, 28–32°C and 32–36°C, the optimum 
wind speeds required by respondents were 1.3 m/s, 1.7 m/s and 2.0 m/s, respectively. 
The results in both cities suggest that the higher the PET, the higher the wind speed 
required by respondents in order to feel comfortable. However, it should be noted that 
when the air temperature gets closer to body temperature (37°C), heat transfer from 
the human body to the environment is reduced, and thus even the increase of air 
movement (speeding up evaporation) would not make people feel comfortable under 
extremely high temperature and high humidity in a hot and humid climate. Thus, 
cases with PET higher than 36°C were not included in this analysis because it is 


























Table 5.6 Regression of wind speed sensation and outdoor wind speed 
 




24-28oC MWSV=0.729V-0.883 0.602 39.258 P<0.001 1.2m/s 
28-32 oC MWSV=0.582V-0.890 0.716 65.700 P<0.001 1.5m/s 
32-36 oC MWSV=0.543V-1.117 0.557 28.892 P<0.001 2.1 m/s 
Changsha 
24-28 oC MWSV=0.885V-1.106 0.711 36.946 P<0.001 1.3 m/s 
28-32 oC MWSV=0.639V-1.107 0.852 103.994 P<0.001 1.7 m/s 
32-36 oC MWSV=0.533V-1.066 0.726 60.920 P<0.001 2.0 m/s 
The gradient of the regression model in Table 5.6 can be used to evaluate the wind 
speed sensitivity of the respondents to outdoor wind speed. It can be observed that 
there was a decreasing tendency of the regression slope from the temperature range of 
24–28°C to 32-36°C, which varied from 0.729 to 0.543 for Singapore and 0.885 to 
0.533 for Changsha, suggesting that the respondents became less sensitive to the wind 
speed with increasing PET. 
By comparing the optimum wind speed respondents required in Singapore and 
Changsha, it can also be seen that the optimum wind speeds at each PET range were 
similar in Singapore and Changsha, with a difference of less than 0.2 m/s.  
5.3.5.3 Perception of sun 
Figure 5.6 shows the mean sun sensation votes at different global radiation range for 
both Singapore and Changsha. At lower global radiation (<500W/m2), not much 
difference was found between the two cities regarding sun sensation. At higher global 
radiation (>500W/m2), Singapore respondents felt that the sun was much stronger 
than Changsha respondents. However, this difference could be due to the relatively 
small sample size at the high global radiation level. T-test also shows that the 





Figure 5.6 Sun sensation and global radiation 
5.3.6 Comparison of neutral temperature 
Neutral PET was usually determined by analyzing the relationship between thermal 
sensation votes (TSV) and PET. Figure 5.7 presents the regression of mean thermal 
sensation votes (MTSV) and PET for both cities. Eq. (5.1) and Eq. (5.2) show the 
linear regression for Singapore and Changsha, respectively. 
            MTSV=0.234PET-6.566   (R2=0.953)                      (5.1) 
MTSV=0.168PET-4.686   (R2=0.896)                      (5.2) 
For both cities, the mean thermal sensation votes correlated strongly with PET that 
can explain about 90% of the variability of the thermal sensation votes (R2=0.953 in 
Singapore and R2=0.896 in Changsha). The neutral PET was derived by solving the 
equations for a mean sensation vote of zero, and the neutral PET was 28.1oC for 
Singapore and 27.9oC for Changsha. The high neutral temperatures in both cities 
























Figure 5.7 Regression of thermal sensation and PET 
It can be seen in Figure 5.7 that under warmer/hotter conditions (PET>30oC), 
Singapore respondents perceived the thermal environment as warmer than Changsha 
respondents, suggesting that Changsha respondents may be more tolerant than 
Singapore respondents under hot conditions. Further analysis with T-test that under 
hot conditions (PET>30oC) revealed that Singapore respondents felt significantly 
warmer than Changsha respondents (t(2860.221)=-2.197, p=0.028<0.05). However, 
the difference between the two city respondents under relatively cooler conditions 
(PET<30oC) was not statistically significant (t(1033.444)=1.711, p=0.087>0.05).  
The reason for the higher tolerance with hot conditions for Changsha respondents 
could be attributed to seasonal effect. Thermal experience reminds respondents in 
Changsha that air temperature in the summer season is higher than the other seasons 
but it does not last for a long time. Thus, their tolerance for high temperatures in hot 
season is enhanced and they may tolerate what would be extremely hot conditions 
and vote it as warm. The result confirms that thermal expectation and seasonal 


































lead to different evaluations of slightly warm or cool conditions, but rather to 
different interpretations of hot or cold environments (Wyon, 1993).  
The regression slope in Singapore was 0.234/oC, which was higher than that in 
Changsha of 0.168/oC. As the gradient of the regression models measures the thermal 
sensitivity, this means that respondents in Singapore were more sensitive to the 
variations of the PET than respondents in Changsha. On average, mean thermal 
sensations changed one unit every 4.3oC of PET in Singapore, whereas in Changsha, 
6.0oC were needed to shift mean thermal sensation jump by one unit.  
The key reason that Singapore respondents were more sensitive to temperature 
variations than Changsha respondents is that Singapore respondents experienced a 
narrower PET range (24.0-41.1oC) than Changsha respondents (24.0-50.5oC). 
According to Humphreys et al. (2007), there can be a tendency (range effect) for 
respondents to adjust their voting to accommodate the range of the subjective scale to 
the range of conditions they experience, suggesting that people accustomed to a wide 
range of room temperature might be less sensitive to change than those accustomed to 
smaller variations.  
5.3.7 Comparison of acceptable PET range 
Figure 5.8 shows the relationship between percentage of unacceptability and PET for 
both Singapore and Changsha. ASHRAE Standard 55 (ASHRAE, 2010) specifies that 
acceptable thermal conditions must be acceptable to at minimum 80% for typical 
applications. As shown in Figure 5.8, the 80% acceptability limits are the 
intersections of the fitted curve and the 20% unacceptability line, which was 32.5°C 
and 33.7°C for Singapore and Changsha respectively. The result indicates that PET 
less than 32.5°C would be regarded as acceptable in Singapore and PET less than 
33.7°C would be regarded as acceptable in Changsha. Since the cold discomfort is 
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hardly to occur in tropical climate of Singapore or in the summer season of Changsha, 
no lower temperature limit was assigned for the acceptable range. The upper limit of 
acceptable PET for Changsha was 1.2°C higher than that for Singapore, suggesting 
Changsha respondents were more tolerant with hot conditions. 
It should be emphasized that the acceptable PET range for Changsha can only be used 
for evaluation in the summer season. During other seasons, the outdoor climate 
condition and occupants' thermal sensation would be different. As a result, the 
acceptable PET range needs to be revised accordingly for other seasons. 
 
Figure 5.8 Thermal comfort range for outdoor environments in Singapore and 
Changsha 
5.3.8 Local thermal comfort criterion for PET 
Matzarakis and Mayer (1996) calculated PET ranges for corresponding thermal 
sensation level based on questionnaires of Western/Middle Europeans (Table 2.2). 
Previous studies have demonstrated that thermal comfort range for a particular region 
may not be applicable to other regions (Lin and Matzarakis, 2008; Hwang et al., 
Singapore
y = 0.288x2 - 14.16x + 176.2
R² = 0.934
Changsha 





































2011). People could have different thermal sensation levels in different climate 
context, despite their having identical values of thermal indices (Lin et al., 2011). It is 
suggested that future studies using PET as an indicator of human thermal perception 
should adjust the original ranges proposed to reflect local realities (Krüger et al., 
2013).  
In this study, PET ranges for different grades of thermal perception for Singapore and 
Changsha were determined on the basis of the regression equations of Eq. (5.1) and 
Eq. (5.2). As suggested by Matzarakis et al. (1999), thermal sensation within the 
range of " -0.5 to +0.5" corresponds to "comfortable, no thermal stress", "+0.5 to 
+1.5" corresponds to "slightly warm, slight heat stress", "+1.5 to +2.5" corresponds to 
"warm, moderate heat stress" and so on. Based on the above classification, the 
thermal sensations and PET classes can be calculated for Singapore and Changsha.  
Table 5.7 shows the thermal sensations and PET classes for Singapore and Changsha. 
The results are compared with the classifications in Taiwan (Lin and Matzarakis, 
2008) and Western/Middle European (Matzarakis and Mayer, 1996). In this study, due 
to the small portion of TSVs clustering on the cooler side and no PET was observed 
under 24oC, PET ranges for "slightly cool", "cool", "cold" and "very cold" thermal 
sensation could not be calculated. However, some useful information can still be 
obtained from Table 5.7. It shows that the PET ranges for each thermal sensation 
scale in Singapore is similar to that in Taiwan and higher than that in Western/Middle 
European. Besides, people in Changsha showed their higher tolerance of higher 
temperatures compared with people from other places.  
The thermal sensations and PET classes for Singapore can be applicable for other 
similar tropical regions where the cool/cold discomfort rarely occurred. The PET 
range for “neutral” thermal sensation is 26-30°C and the PET range for “warm” 









PET range for 
Singapore  
(oC PET) 




for Taiwan a  
(oC PET) 
PET range for 
Western/Middle 
European b (oC PET) 
Very cold not applicable not applicable <14 <4  
Cold not applicable not applicable 14-18  4-8  
Cool not applicable not applicable 18-22 8-13  
Slightly cool not applicable not applicable 22-26  13-18 
Neutral 26-30 25-31 26-30  18-23 
Slightly warm 30-35 31-37 30-34 23-29 
Warm 35-39 37-43 34-38 29-35 
Hot 39-43 43-46 38-42 35-41 
Very hot >43 >46 >42  >41 
a Source: Lin and Matzarakis, 2008 
b Source: Matzarakis and Mayer, 1996 
The above analysis corroborates that people in different climate regions have different 
comfortable PET ranges. Besides, the same PET value has different thermal sensation 
meanings to people in different climate regions. PET ranges for different thermal 
sensation level should vary according to the conditions people are mostly exposed to. 
Therefore, PET should be carefully used in the urban design process.  
5.3.9 Comparison of thermal acceptability 
Figure 5.8 shows that under warmer/hotter conditions(PET>34°C), at the same PET, 
the percentage of respondents feel the thermal condition unacceptable in Changsha 
was lower than that in Singapore, suggesting that the hot tolerance of Changsha 
respondents was higher than that of Singapore respondents. T-test also shows that 
under hot conditions (PET>34oC), the percentage of thermal unacceptability was 
significantly lower for Changsha respondents than that for Singapore respondents 
(t(1036.980)=3.102, p=0.002<0.05). The result is in agreement with the fact 
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previously stated that Singapore respondents perceived the thermal environment as 
warmer than Changsha respondents, and thus Changsha respondents may be more 
tolerant than Singapore respondents under hot conditions. However, the overall 
thermal acceptability assessment (see Figure 5.9) shows that the percentage of 
respondents who considered thermally acceptable in Singapore (79.6%) was slightly 
higher than that in Changsha (74.9%).  
  
Figure 5.9 Overall thermal acceptability assessment 
Based on the above findings, it can be concluded that although Changsha respondents 
were more tolerant than Singapore respondents under hot conditions, the outdoor 
thermal environment in Singapore was better accepted than that in Changsha. The 
lower percentage of thermal acceptability in Changsha may be due to the fact that the 
climatic condition in Changsha was hotter than that in Singapore. 
5.4 Comparison with other outdoor thermal comfort studies 
This section compares the neutral temperatures of different outdoor thermal comfort 
studies. A large number of thermal comfort field studies have been conducted in 
























Table 5.8 Comparisons with other outdoor thermal comfort studies 
City Researcher Climate Neutral temperature 
Sydney 
Spagnolo and  
de Dear (2003) 










28.9 oC (Ta) Summer  
Fribourg Maritime climate 15.8 oC (Ta) Summer 




18.0 oC (Ta) Summer 




22.1 oC (Ta) Summer 
Taiwan 




28.2 oC (Top) July 
Hong Kong 
Ng and Cheng 
(2012)  
Humid subtropical climate 28.1oC (PET) Summer 
Cairo  Mahmoud (2011) Hot and arid 30.1 oC (PET) Hot month 
Szeged Kántor (2012) Temperate climate 18.5 oC (PET) 
Glasgow 
Krüger et al. 
(2013) 




Dry subtropical climate 
15.7 oC (PET) Summer 
24.2 oC (PET) Winter 
Singapore Current  study Tropical monsoon climate 
28.7 oC (Top)   
28.1 oC (PET) Summer 
Changsha Current  study Humid subtropical climate 27.9 oC (PET) Summer 
 
Although the neutral temperatures are based on different temperature index (operative 
temperature: Top; physiological equivalent temperature: PET; air temperature: Ta), a 
clear trend among different climates can be found that thermal neutralities in warm 
climates are higher than those in cold climates. For example, the neutral temperatures 
found in Hong Kong (28.1oC), Taiwan (28.2oC) and Cairo (30.1oC) are higher than 
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that in Sydney (24.2oC), Fribourg (15.8oC), Cambridge (18.0oC), Sheffield (15.8oC) 
and Glasgow (13.5 oC ). This is consistent with the adaptive theory by de Dear and 
Brager (1998), which proposes that occupants in a warmer climate adapt to higher 
temperatures, therefore their corresponding thermal neutralities should be higher. It 
also confirms that people can develop various human-environment relationships 
through thermal adaptation to local climate, resulting in different thermal neutral 
temperatures in various climates (Zhang et al., 2010). 
5.5 Summary 
This chapter deals with the results and discussion related to the second objective of 
this study. The important findings are summarized as follows. 
This chapter presents an attempt to understand the impact of thermal adaptation 
factors on human thermal sensation in outdoor urban spaces. People in Singapore can 
adapt to the outdoor thermal environment by various adaptive behaviors, such as 
moving to shaded areas or wearing a hat. Thermal experiences affect human thermal 
comfort in outdoor urban spaces. People who previously stayed in air conditioned 
environment (AC) had higher neutral temperature than people who previously stayed 
in naturally ventilated environment (NV). The NV respondents were more tolerate to 
the heat stress than the AC respondents in outdoor spaces. 
Comparisons with previous indoor and semi-outdoor thermal comfort studies 
conducted in Singapore indicate that thermal neutralities and acceptable temperature 
ranges were quite similar for indoor and outdoor conditions.  
This chapter also compares outdoor thermal environment and outdoor thermal 
sensation of occupants between Singapore and Changsha, China. The data gathered in 
this study support the hypothesis that occupants in Singapore and Changsha have 
different thermal comfort requirements for the outdoor urban spaces despite the 
97 
 
similar outdoor thermal conditions. 
Comparisons with outdoor thermal comfort studies in other places of the world 
indicate that thermal neutralities in warm climates are higher than those in cold 
climates. It also confirms that people can adapt to their local climates and thus 
produce different thermal neutral temperatures in different climates. 
It is hoped that the findings in this chapter can be of some value to the understanding 
of outdoor thermal comfort in different geographical zones and cultural backgrounds 
as well as the understanding of the effect of thermal adaptation on human thermal 
sensation. Thermal adaptation is a challenging issue in the area of thermal comfort 
study due to the complex and conflicting nature of people’s responses to thermal 
environment and further research into mechanism of thermal adaptation on human 
thermal comfort is still needed in future. 
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Chapter 6 Outdoor thermal comfort modeling 
6.1 Introduction  
This chapter discusses the development of thermal sensation prediction model and 
percentage of dissatisfaction prediction model (TSV-PD model) for outdoor urban 
spaces in Singapore. The framework for the outdoor thermal comfort modeling is 
presented in Figure 6.1. The thermal sensation prediction model was developed by 
two different statistical approaches, i.e. multiple linear regression and ordered choice 
model. The percentage of dissatisfaction prediction model is developed based on 
logistical regression. The validation of the prediction models is also presented in this 
chapter. 
 




6.2 Thermal sensation prediction (TSV) 
In thermal comfort studies, the questions on thermal sensation were usually asked on 
a discrete seven-point ASHRAE scale (-3 cold, -2 cool, -1 slightly cool, 0 neutral, 1 
slightly warm, 2 warm and 3 hot). This study follows the preceding studies and uses 
the discrete seven-point ASHRAE scale for thermal sensation assessment. As a result, 
the data on thermal sensation vote (TSV) are discrete rather than continuous. In 
general, conventional regression models like the linear regression model are 
inappropriate in this case. Nevertheless, some researchers maintain that the discrete 
scale could be treated as interval data and the calculation of TSV were carried out on 
a continuous scale.  
In this study, there is no intention to argue which notion is correct and which is 
incorrect. According to the above two notions, this study applied two statistical 
approaches to develop the thermal sensation prediction model. The two prediction 
models developed were validated and the robustness of the models was compared. 
The first approach is to use multiple linear regression based on the assumption that 
the ASHRAE scale can be treated as continuous. In the multiple linear regression 
analysis, only the microclimatic variables, age, clothing and activity level of the 
respondents were considered because these variables are continuous data. The 
thermal adaptation variables were evaluated based on nominal scales as mentioned in 
Chapter 5. It would be inappropriate to include them in the multiple linear regression 
analysis. Although multiple regression can handle categorical variables when they 
have been turned into dummy variables, the regression model would be very difficult 
to be interpreted. Thus, the thermal adaptation variables were not considered as the 
independent variables in the first approach.   
The second method is to use ordered choice model based on the assumption that the 
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ASHRAE scale is discrete. In the ordered choice modeling, both the microclimatic 
variables and thermal adaptation variables were considered. 
6.2.1 Multiple linear regression model 
Multiple linear regression analysis was applied to find the best correlation between 
the thermal sensation vote (TSV) and the set of microclimatic variables, age and 
clothing level of the respondents. TSV is regarded as the dependent variable. The 
independent variables are air temperature (Ta), relative humidity (RH) or vapour 
pressure (VP), wind speed (𝑉𝑉 ), mean radiant temperature (Tmrt), age of the 
respondents (Age), activity (Activity) and clothing level (Clo) of the respondents. The 
relationship between the dependent variable and the independent variables can be 
written as: 
     TSV = 𝛽𝛽1.𝑇𝑇𝑎𝑎 + 𝛽𝛽2.𝑅𝑅𝑅𝑅 + 𝛽𝛽3.𝑉𝑉 + 𝛽𝛽4.𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚 + 𝛽𝛽5.𝐴𝐴𝑔𝑔𝐴𝐴 + 𝛽𝛽6.𝐴𝐴𝑐𝑐𝑚𝑚𝐴𝐴𝐴𝐴𝐴𝐴𝑚𝑚𝐴𝐴 +                  𝛽𝛽7.𝐶𝐶𝐶𝐶𝑜𝑜 + 𝐴𝐴                                                (6.1)       
Relative humidity was used in Eq. (6.1) because of the availability of convenient 
instruments and because relative humidity is more understandable to engineers and 
urban designers. However, when correlating humidity with comfort, there is a 
problem in using relative humidity. In many cases a higher relative humidity is 
associated with lower temperatures so that the effect of humidity is coupled with the 
effect of temperature on comfort (Givoni et al., 2006). Water vapour pressure was 
advised to be used as the index of humidity because it is the most basic measure of 
water in the atmosphere and the most relative measure for the physics of heat 
exchange (Nicol et al., 2012). In this study, vapour pressuure was also used to 
represent humidity and regression equation can be written as: 
    TSV = 𝛽𝛽1.𝑇𝑇𝑎𝑎 + 𝛽𝛽2.𝑉𝑉𝑉𝑉 + 𝛽𝛽3.𝑉𝑉 + 𝛽𝛽4.𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚 + 𝛽𝛽5.𝐴𝐴𝑔𝑔𝐴𝐴 + 𝛽𝛽6.𝐴𝐴𝑐𝑐𝑚𝑚𝐴𝐴𝐴𝐴𝐴𝐴𝑚𝑚𝐴𝐴 +                  𝛽𝛽7.𝐶𝐶𝐶𝐶𝑜𝑜 + 𝐴𝐴                                                (6.2)   
101 
 
Due to the large number of independent variables, stepwise multiple regression was 
used to conduct the analysis. Stepwise multiple regression helps to get a quick 
impression of what are the smallest number of independent variables and which 
independent variables make a significant contribution in explaining the maximum 
amount of variance in TSV. 
In stepwise multiple regression, the independent variables are entered one variable at 
a time or step according to particular statistical criteria. The first predictor to be 
considered for entry on the first step is the predictor that has the highest correlation 
with TSV. This predictor on its own will explain the most variance in TSV. This 
correlation has to be statistically significant for it to be entered. A significance level 
of 0.05 or less is regarded as statistically significant. If it is not significant, the 
analysis stops here with no predictors being entered.  
The second predictor to be considered for entry on the second step is the one that 
explains the second highest proportion of the variance after its relation with the first 
predictor and TSV is taken into account. In other words, it is the predictor that has the 
highest part correlation with TSV after the first predictor has been removed. Once 
again, this first-order part correlation has to be statistically significant for it to be 
entered. If it is not significant, the analysis stops after the first predictor has been 
entered. 
The third predictor to be considered for entry on the third step is the predictor that has 
the highest part correlation after its association with the first two predictors and TSV 
is considered. This second-order part correlation has to be statistically significant for 
it to be entered. If it is not significant, the analysis stops after the second step and 
does not proceed any further. If it is significant, then it is entered. At this stage, the 
second-order part correlations of the first two predictors with TSV are examined. It is 
possible that one or both of these second-order part correlations are not significant. If 
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this is the case, then the predictor with non-significant second-order part correlation 
will be dropped from the analysis. The process continues until no other predictor 
explains a significant proportion of the variance in TSV.  
The model summaries of stepwise multiple regression are presented in Table 6.1 and 
Table 6.2. Table 6.3 and Table 6.4 display the regression coefficients of the four 
microclimatic variables. 
Table 6.1 Model summary of stepwise multiple regression (humidity represented by 
relative humidity) 
 











F Change df1 df2 Sig. F Change 
1 .834a .695 .695 .450 .695 4633.530 1 2034 .000 
2 .854b .729 .729 .424 .034 257.889 1 2033 .000 
3 .867c .751 .750 .407 .022 175.866 1 2032 .000 
4 .893d .797 .797 .367 .047 466.416 1 2031 .000 
a. Predictors: (Constant), Ta 
b. Predictors: (Constant), Ta, RH 
c. Predictors: (Constant), Ta, RH, V 
d. Predictors: (Constant), Ta, RH, V, Tmrt 
Table 6.2 Model summary of stepwise multiple regression (humidity represented by 
vapour pressure) 











F Change df1 df2 Sig. F Change 
1 .834a .695 .695 .450 .695 4633.530 1 2034 .000 
2 .850b .723 .722 .429 .028 202.161 1 2033 .000 
3 .863c .745 .745 .411 .022 178.709 1 2032 .000 
4 .891d .795 .794 .369 .050 490.855 1 2031 .000 
a. Predictors: (Constant), Ta 
b. Predictors: (Constant), Ta, VP 
c. Predictors: (Constant), Ta, VP, V 
d. Predictors: (Constant), Ta, VP, V, Tmrt 
From Table 6.1 and Table 6.2, it can be found that model 4 has the highest adjusted R2 
compared to other models. Table 6.3 and Table 6.4 shows the coefficients of different 
combination of the independent variables. It can be found that model 4 combines Ta, 
RH or VP, V and Tmrt and all the variables are statistically significant to the model 
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(p<0.001). Thus, model 4 was selected as the best correlation between the thermal 
sensation vote (TSV) and the set of microclimatic variables. According to Table 6.3 
and Table 6.4, the equations for model 4 can be written as: 
𝑇𝑇𝑇𝑇𝑉𝑉 = 0.400𝑇𝑇𝑎𝑎 + 0.023𝑅𝑅𝑅𝑅 − 0.330𝑉𝑉 + 0.038𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚 − 14.190                                                                                                                   (R2 = 0.797)     (6.3) 
 
𝑇𝑇𝑇𝑇𝑉𝑉 = 0.308𝑇𝑇𝑎𝑎 + 0.048𝑉𝑉𝑉𝑉 − 0.337𝑉𝑉 + 0.039𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚 − 11.240                                                                                                                   (R2 = 0.795)     (6.4) 
Multicollinearity needs to be avoided when planning multiple regression analysis 
because it does not contribute to a good regression model. Multicollinearity is a 
problem that occurs with multiple regression analysis when one or more of the 
independent variables are highly correlated with one or more of the other independent 
variables (Greene, 2007). As shown in Table 6.3 and Table 6.4, multicollinearity does 
not exist in the multiple regression analysis because tolerance statistics are larger than 
0.2 and VIF statistics are smaller than 5. 
According to Eq. (6.3), except wind speed which has a negative sign for the thermal 
sensation (indicating lowering of the thermal sensation with higher wind speed), air 
temperature, relative humidity, and mean radiant temperature have positive effects on 
thermal sensation. That is to say, the increase of air temperature, relative humidity, 
and mean radiant temperature would make people feel warmer, while the increase of 
wind speed would make people feel cooler in hot and humid areas. This is consistent 











Coefficients t Sig. 
Correlations Collinearity Statistics 
B Std. Error Beta Zero 
-order 
Partial Part Tolerance VIF 
1 (Constant) -11.592 .184  -63.059 .000      
 Ta .403 .006 .834 68.070 .000 .834 .834 .834 1.000 1.000 
2 (Constant) -17.442 .403  -43.241 .000      
 Ta .524 .009 1.084 55.912 .000 .834 .778 .645 .354 2.821 
 RH .030 .002 .311 16.059 .000 -.559 .336 .185 .354 2.821 
3 (Constant) -16.621 .392  -42.403 .000      
 Ta .508 .009 1.050 55.961 .000 .834 .779 .620 .348 2.873 
 RH .028 .002 .291 15.593 .000 -.559 .327 .173 .352 2.840 
 V -.185 .014 -.148 -13.261 .000 -.257 -.282 -.147 .980 1.020 
4 (Constant) -14.190 .371  -38.242 .000      
 Ta .400 .010 .828 41.767 .000 .834 .680 .417 .254 3.937 
 RH .023 .002 .238 14.016 .000 -.559 .297 .140 .345 2.900 
 V -.330 .014 -.265 -23.141 .000 -.257 -.457 -.231 .763 1.311 













Coefficients t Sig. 
Correlations Collinearity Statistics 
B Std. Error Beta Zero 
-order 
Partial Part Tolerance VIF 
1 (Constant) -11.592 .184  -63.059 .000      
 Ta .403 .006 .834 68.070 .000 .834 .834 .834 1.000 1.000 
2 (Constant) -13.595 .225  -60.443 .000      
 Ta .407 .006 .842 71.970 .000 .834 .847 .841 .998 1.002 
 VP .061 .004 .166 14.218 .000 -.125 .301 .166 .998 1.002 
3 (Constant) -13.0141 .220  -59.146 .000      
 Ta .398 .005 .824 72.923 .000 .834 .851 .817 .983 1.017 
 VP .057 .004 .155 13.808 .000 -.125 .293 .155 .992 1.008 
 V -.189 .014 -.151 -13.368 .000 -.257 -.284 -.150 .981 1.019 
4 (Constant) -11.240 .213  -52.746 .000      
 Ta .308 .006 .637 48.365 .000 .834 .732 .486 .582 1.717 
 VP .048 .004 .131 12.898 .000 -.125 .275 .130 .981 1.020 
 V -.337 .014 -.270 -23.515 .000 -.257 -.463 -.236 .767 1.303 








Eq. (6.3) also expresses the equivalence of various environmental variables Ta, RH, 
𝑉𝑉  and Tmrt in their influence on thermal sensation (TSV). An increase of 
0.400/0.023, i.e. 17.39% in RH has the same influence on TSV as an increase of 1°C 
in Ta. Similarly, an increase of 0.400/0.038, i.e. 10.53°C in Tmrt or a decrease of 
0.400/0.330, i.e. 1.21m/s in 𝑉𝑉 is equivalent to an increase of 1°C in Ta. 
Based on the above stepwise multiple regression analysis, it can be concluded that air 
temperature (Ta) is the most important variable affecting TSV in outdoor urban 
spaces in Singapore. Mean radiant temperature (Tmrt) and wind speed (V) are the 
second important variables affecting TSV. Relative humidity (RH) has a relatively 
minor effect on TSV. This result is consistent with the previous analysis in Chapter 4 
that people may not be sensitive to the change of relative humidity in Singapore. 
The result is in agreement with Emmanuel et al. (2007) that the mean radiant 
temperature is probably the second most important environmental parameter after air 
temperature in hot and humid outdoors. Wind speed is also found to play an important 
role in the final thermal sensation. However, as mentioned before, the influence of 
wind speed differs depending on air temperature and mean radiant temperature. It 
should be noted that when the air temperature gets closer to body temperature (37oC), 
heat transfer from the human body to environment is reduced, and thus even the 
increase of wind speed would not make people feel comfortable under extremely high 
temperature and high humidity in Singapore. Ali Toudert (2005) also indicted that the 
influence of the wind speed differs depending on whether the location is irradiated or 
not, i.e. high or low Tmrt values.  
Although Eq. (6.3) has a high R2 of 0.80, there is still 20% of the variance in TSV 
that cannot be explained by the four microclimatic variables. Thermal adaptation 
variables like behavioral adjustment, physiological acclimatization, and psychological 
habituation or expectations (Brager and de Dear, 1998; Lin and Matzarakis, 2008; Lin, 
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2009) should be included in the process of predicting human thermal sensation. One 
of the main problems with thermal adaptation variables in thermal sensation 
prediction is the difficulty of measuring these variables. This study makes an 
exploration to quantify some thermal adaptation variables and include them in 
thermal sensation prediction by ordered choice model. The analysis is presented in 
the following section. 
6.2.2 Ordered choice model 
The aim of any regression analysis is to identify and quantify the impact of one of 
several independent variables on a dependent variable. The general linear regression 
model is in many cases and under certain hypotheses a strong approach to achieve 
this goal. However, there are a large number of situations where the dependent 
variable is an indicator of discrete choice, such as “yes or no” or “option 1, option 2, 
option 3”. For such discrete choices other methods have been developed. The ordered 
choice model is one of the discrete choice models that has come into fairly wide use 
as a framework for analyzing ordered responses. It has been applied to economics, 
sociology, health economics, finance, political science, statistical in medicine, 
transportation planning and many other areas (Greene and Hensher, 2010). 
The dependent variable (TSV) in this study is an indicator of a discrete choice (-3 
cold, -2 cool, -1 slightly cool, 0 neutral, 1 slightly warm, 2 warm and 3 hot). The 
multiple linear regression would treat the difference between each scale the same, e.g. 
the difference between warm and hot is the same as that between slightly warm and 
warm. However, in fact they are only a ranking, e.g., the warm sensation is not 
always perceived as a double sensation of slightly warm. Besides, it is difficult to 
consider thermal adaptation variables when using multiple linear regression. 
Therefore, another statistical approach, e.g., ordered choice model, was applied to 
predict the thermal sensation in outdoor urban spaces with consideration of both 
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microclimatic variables and thermal adaptation variables.  
Table 6.5 Independents variables of ordered choice model 
 




Air temperature Ta °C 
2 
Relative humidity RH % 
Vapour pressure VP hPa 
3 Wind speed V m/s 





Sex Sex  dimensionless 
6 Age Age years 
7 Race Race dimensionless 
8 Activity Activity met 
9 Clothing level Clo clo 
10 Purpose of stay Purpose  dimensionless 
11 Exposure time Exposure dimensionless 
12 Visiting frequency Frequency dimensionless 
13 Thermal experience Experience  dimensionless 
14 Adaptive behavior Behavior dimensionless 
 
Table 6.6 Nominal scales for thermal adaptation variables 
Variables Values 
Sex Male=1, Female=0 
Race Chinese=1, Malaysia=2, Indian=3, Others=4 
Purpose of stay Rest=1, Social or cultural activity=2, Passage to other 
places=3, Others=4 
Exposure time Ten to twenty mins=1, Twenty to thirty mins=2, Thirty 
mins to 1 hour=3, More than 1 hour=4 
Visiting frequency First time=1, One or two times per year/half year=2, 
One or two times per month=3, One or two times per 
week=4, More than two times per week=5 
Thermal experience Naturally ventilated=1, Air conditioned=0 
Adaptive behavior Yes=1, No=0 
The independent variables of ordered choice model are listed in Table 6.5. A total of 
14 independent variables were considered in the analysis. The detailed explanations 
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of adaptation factors have been clarified in Chapter 5. The nominal scales of thermal 
adaptation factors are needed to be assigned with numerical values. Table 6.6 shows 
assignment of the nominal scales for the thermal adaptation variables.  
The ordered choice model is built around a latent regression which can be expressed 
as:                                                    TSV∗ = 𝐱𝐱′𝜷𝜷 + ε                              (6.5)                                                 
It is hypothesized that a set of factors, such as the microclimatic and thermal 
adaptation factors presented in Table 6.5 gathered in a vector x explain TSV*, 
𝛽𝛽 reflects the impact of changes in x on the probability of TSV.   
As usual, TSV∗ is unobserved. What can be observed is:  
                                         TSV = −2   if  TSV∗ ≤ 𝜇𝜇1                          (6.6)                                                                                 TSV = −1   if 𝜇𝜇1 < TSV∗ ≤ 𝜇𝜇2                      (6.7)                                                                     TSV = 0   if 𝜇𝜇2 < TSV∗ ≤ 𝜇𝜇3                        (6.8)                                                                         TSV = 1   if 𝜇𝜇3 < TSV∗ ≤ 𝜇𝜇4                           (6.9)                                 TSV = 2   if 𝜇𝜇4 < TSV∗ ≤ 𝜇𝜇5                       (6.10)                                                                          TSV = 3   if 𝜇𝜇5 ≤ TSV∗                           (6.11) 
The 𝜇𝜇’s are unknown parameters to be estimated with  𝛽𝛽. The respondents have their 
own thermal sensation votes, which depends on certain measurable factors x and 
certain unobserved factors 𝜀𝜀. In principle, respondents could respond to the question 
with their own TSV∗ if asked to do so. However, only seven possible discrete votes 
(from -3 cold to 3 hot) were provided for them during the survey to choose one vote 
that most closely represents their own feelings.  
It is assumed that ε is normally distributed across observations (Greene, 2007). The 
mean and variance of 𝜀𝜀  is normalized to zero and one. During the survey, no 
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respondents voted for cold (-3) and the probabilities of respondents voting for 
different thermal sensation scales (TSV= -2, -1, 0, 1, 2 and 3) can be expressed as: 
           𝑉𝑉𝑚𝑚𝑜𝑜𝑃𝑃(TSV = −2|𝐱𝐱) = Φ(𝜇𝜇1 − 𝐱𝐱′𝛽𝛽)                    (6.12)                                                           𝑉𝑉𝑚𝑚𝑜𝑜𝑃𝑃(TSV = −1|𝐱𝐱) = Φ(𝜇𝜇2 − 𝐱𝐱′𝛽𝛽) −Φ(𝜇𝜇1 − 𝐱𝐱′𝛽𝛽)                  (6.13)                               𝑉𝑉𝑚𝑚𝑜𝑜𝑃𝑃(TSV = 0|𝐱𝐱) = Φ(𝜇𝜇3 − 𝐱𝐱′𝛽𝛽) −Φ(𝜇𝜇2 − 𝐱𝐱′𝛽𝛽)         (6.14)                     𝑉𝑉𝑚𝑚𝑜𝑜𝑃𝑃(TSV = 1|𝐱𝐱) = Φ(𝜇𝜇4 − 𝐱𝐱′𝛽𝛽) −Φ(𝜇𝜇3 − 𝐱𝐱′𝛽𝛽)                (6.15)                                   𝑉𝑉𝑚𝑚𝑜𝑜𝑃𝑃(TSV = 2|𝐱𝐱) = Φ(𝜇𝜇5 − 𝐱𝐱′𝛽𝛽) −Φ(𝜇𝜇4 − 𝐱𝐱′𝛽𝛽)         (6.16)                                       𝑉𝑉𝑚𝑚𝑜𝑜𝑃𝑃(TSV = 3|𝐱𝐱) = 1 −Φ(𝜇𝜇5 − 𝐱𝐱′𝛽𝛽)                   (6.17)                         
For all the probabilities to be positive, we must have 
 0 < 𝜇𝜇1 < 𝜇𝜇2 < 𝜇𝜇3 < 𝜇𝜇4 < 𝜇𝜇5                         (6.18) 
In the above model, parameter 𝛽𝛽 and five threshold values (𝜇𝜇1, 𝜇𝜇2, 𝜇𝜇3, 𝜇𝜇4 , 𝜇𝜇5) are 
estimated by maximum likelihood. 
Table 6.7 presents the results of the first step calculation of ordered choice model. 
The modeling includes all the 14 independent variables listed in Table 6.5. It can be 
seen that age, clothing level, purpose of stay, race, sex, exposure time are not 
statistically significant with p-values larger than 0.05. This means the above 
independent variables are non-significant predictors of TSV. Thus, these independent 
variables were removed in the next step calculation. 
The second step calculation includes the following independent variables: air 
temperature, mean radiant temperature, relative humidity, wind speed, activity, 
adaptive behavior and thermal experience. Table 6.8 shows the results of the second 
step calculation of ordered choice model. It can be found that activity is not 
statistically significant with p-values larger than 0.05. Thus, activity was removed in 
the next step calculation. 
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Table 6.7 Results of the first step calculation of ordered choice model 
 
Dependent Variable: TSV 
Method: ML-Ordered Probit (Quadratic hill climbing) 
Sample: 1 2036 
Included observations: 2036 
Number of ordered indicator values: 6 
Convergence achieved after 7 iterations 
Covariance matrix computed using second derivatives 
  Coefficient Std. Error z-Statistic Prob. 
 Ta 1.505557 0.074802 20.12713 0.0000 
Tmrt 0.148143 0.009572 15.47619 0.0000 
RH 0.072941 0.008821 8.268756 0.0000 
V -1.418093 0.078910 -17.97104 0.0000 
Activity 1.284141 0.528142 2.431429 0.0150 
Age -0.001998 0.003666 -0.545073 0.5857 
Behavior -2.986055 0.208314 -14.33439 0.0000 
Clo -1.672886 0.890052 -1.879537 0.0602 
Frequency 0.033325 0.039644 0.840623 0.4006 
Experience  -0.601853 0.116785 -5.153516 0.0000 
Purpose -0.044399 0.100360 -0.442402 0.6582 
Race 0.033649 0.039616 0.849400 0.3957 
Sex -0.115152 0.087006 -1.323495 0.1857 
Exposure -0.084894 0.057652 -1.472532 0.1409 
 Limit Points 
 LIMIT_1:C(15) 42.99087 2.735679 15.71488 0.0000 
LIMIT_2:C(16) 46.65205 2.727385 17.10505 0.0000 
LIMIT_3:C(17) 51.29948 2.822979 18.17211 0.0000 
LIMIT_4:C(18) 57.16353 2.926519 19.53294 0.0000 
LIMIT_5:C(19) 61.51472 3.014579 20.40574 0.0000 
 Akaike info criterion 0.591679 Schwarz criterion 0.644113 
Log likelihood -583.3289 Hannan-Quinn criter. 0.610914 
Resre. Log likelihood -2415.368 Avg. log likelihood -0.286507 
LR statistic (14 df) 3664.078 LR index (Pseudo-R2) 0.758493 
Probability (LR stat) 0.000000   
 
 
The third step calculation takes air temperature, mean radiant temperature, relative 
humidity, wind speed, adaptive behavior and thermal experience as independent 
variables. Table 6.9 shows the results of the third step calculation of ordered choice 
model. It can be seen that all the independent variables are statistically significant 
predictors of TSV. The coefficients of each independent variable is the maximum 
likehood extimate 𝛽𝛽.  The values labeled LIMIT_1:C(7), LIMIT_2:C(8), 
LIMIT_3:C(9), LIMIT_4:C(10), LIMIT_5:C(11) are the maximum likelihood 
estimates of 𝜇𝜇1, 𝜇𝜇2, 𝜇𝜇3, 𝜇𝜇4 and 𝜇𝜇5,  respectively. The notation points out that these 
parameters are saved into the coefficient vector as C(7) to C(11). The latent 




                        𝑇𝑇𝑇𝑇𝑉𝑉∗ = 1.474𝑇𝑇𝑎𝑎 + 0.071𝑅𝑅𝑅𝑅 − 1.408𝑉𝑉 + 0.146𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚                    −0.552𝐸𝐸𝐸𝐸𝑜𝑜𝐴𝐴𝑚𝑚𝐴𝐴𝐴𝐴𝐸𝐸𝑐𝑐𝐴𝐴 − 2.964𝐵𝐵𝐴𝐴ℎ𝑎𝑎𝐴𝐴𝐴𝐴𝑜𝑜𝑚𝑚              (6.19) 
The ordered choice model can be written as: TSV−2 = @cnorm(@coef(7) − 𝑇𝑇𝑇𝑇𝑉𝑉∗)                               (6.20)                                                                TSV−1 = @cnorm(@coef(8) − 𝑇𝑇𝑇𝑇𝑉𝑉∗) − @cnorm(@coef(7) − 𝑇𝑇𝑇𝑇𝑉𝑉∗)     (6.21)          TSV0 = @cnorm(@coef(9) − 𝑇𝑇𝑇𝑇𝑉𝑉∗) − @cnorm(@coef(8) − 𝑇𝑇𝑇𝑇𝑉𝑉∗)      (6.22)          TSV1 = @cnorm(@coef(10) − 𝑇𝑇𝑇𝑇𝑉𝑉∗) − @cnorm(@coef(9) − 𝑇𝑇𝑇𝑇𝑉𝑉∗)     (6.23)        TSV2 = @cnorm(@coef(11) − 𝑇𝑇𝑇𝑇𝑉𝑉∗) − @cnorm(@coef(10) − 𝑇𝑇𝑇𝑇𝑉𝑉∗)        (6.24) TSV3 = 1 − @cnorm(@coef(11) − 𝑇𝑇𝑇𝑇𝑉𝑉∗)                           (6.25)                                               







−2 𝐴𝐴𝑖𝑖           −∞ < 𝑇𝑇𝑇𝑇𝑉𝑉∗ ≤ 41.444
−1 𝐴𝐴𝑖𝑖      41.444 < 𝑇𝑇𝑇𝑇𝑉𝑉∗ ≤ 45.0190   𝐴𝐴𝑖𝑖     45.019 < 𝑇𝑇𝑇𝑇𝑉𝑉∗ ≤ 49.630+1 𝐴𝐴𝑖𝑖     49.630 < 𝑇𝑇𝑇𝑇𝑉𝑉∗ ≤ 55.374+2 𝐴𝐴𝑖𝑖     55.374 < 𝑇𝑇𝑇𝑇𝑉𝑉∗ ≤ 59.620+3 𝐴𝐴𝑖𝑖          59.620 <  𝑇𝑇𝑇𝑇𝑉𝑉∗ < +∞
  
                                                                (6.26) 
 
Table 6.8 Results of the second step calculation of ordered choice model 
Dependent Variable: TSV 
Method: ML-Ordered Probit (Quadratic hill climbing) 
Sample: 1 2036 
Included observations: 2036 
Number of ordered indicator values: 6 
Convergence achieved after 7 iterations 
Covariance matrix computed using second derivatives 
  Coefficient Std. Error z-Statistic Prob. 
 Ta 1.476282 0.073333 20.13125 0.0000 
Tmrt 0.145285 0.009377 15.49384 0.0000 
RH 0.070525 0.008592 8.208561 0.0000 
V -1.402023 0.078261 -17.91482 0.0000 
Activity 0.871640 0.485473 1.795446 0.0726 
Behavior -2.964766 0.205244 -14.44506 0.0000 
Experience  -0.565243 0.113391 -4.984922 0.0000 
 Limit Points 
 LIMIT_1:C(15) 42.48052 2.657447 15.98546 0.0000 
LIMIT_2:C(16) 46.07365 2.644215 17.42432 0.0000 
LIMIT_3:C(17) 50.70364 2.743825 18.47918 0.0000 
LIMIT_4:C(18) 56.46229 2.843730 19.85501 0.0000 
LIMIT_5:C(19) 60.71238 2.928085 20.73450 0.0000 
 Akaike info criterion 0.593792 Schwarz criterion 0.626908 
Log likelihood -592.4802 Hannan-Quinn criter. 0.605941 
Resre. Log likelihood -2415.368 Avg. log likelihood -0.291002 
LR statistic (14 df) 3645.776 LR index (Pseudo-R2) 0.754704 




                                                                                                          
Table 6.9 Results of the third step calculation of ordered choice model 
Dependent Variable: TSV 
Method: ML-Ordered Probit (Quadratic hill climbing) 
Sample: 1 2036 
Included observations: 2036 
Number of ordered indicator values: 6 
Convergence achieved after 7 iterations 
Covariance matrix computed using second derivatives 
  Coefficient Std. Error z-Statistic Prob. 
 Ta 1.473547 0.073395 20.07693 0.0000 
Tmrt 0.146391 0.009373 15.61863 0.0000 
RH 0.071237 0.008589 8.293486 0.0000 
V -1.407526 0.078133 8.293486 0.0000 
Behavior -2.964047 0.204909 -14.46516 0.0000 
Experience -0.551553 0.112736 -4.892412 0.0000 
 Limit Points 
 LIMIT_1:C(7) 41.44389 2.588763 16.00915 0.0000 
LIMIT_2:C(8) 45.01878 2.573259 17.49858 0.0000 
LIMIT_3:C(9) 49.62974 2.672302 18.57191 0.0000 
LIMIT_4:C(10) 55.37376 2.771989 19.97654 0.0000 
LIMIT_5:C(11) 59.61952 2.856979 20.86803 0.0000 
 Akaike info criterion 0.59439 Schwarz criterion 0.624755 
Log likelihood -594.0980 Hannan-Quinn criter. 0.605535 
Resre. Log likelihood -2415.368 Avg. log likelihood -0.291797 
LR statistic (6df) 3642.540 LR index (Pseudo-R2) 0.754034 
Probability (LR stat) 0.000000   
  
It can be found from Eq. (6.26) that the sensitivity of human thermal response 
measured in scale unit between different thermal sensations is different. TSV of 
slightly warm (a 𝑇𝑇𝑇𝑇𝑉𝑉∗range of 5.74) has a wider range of climatic conditions than 
that of slightly cool (a 𝑇𝑇𝑇𝑇𝑉𝑉∗range of 3.57), neutral (a 𝑇𝑇𝑇𝑇𝑉𝑉∗range of 4.62) and warm 
(a 𝑇𝑇𝑇𝑇𝑉𝑉∗range of 4.24). People may be more sensitive to slightly cool sensation than 
slightly warm sensation. 
The final output for ordered choice model by using the vapour pressure as humidity 









−2 𝐴𝐴𝑖𝑖           −∞ < 𝑇𝑇𝑇𝑇𝑉𝑉∗ ≤ 31.752
−1 𝐴𝐴𝑖𝑖      31.752 < 𝑇𝑇𝑇𝑇𝑉𝑉∗ ≤ 35.4290   𝐴𝐴𝑖𝑖     35.429 < 𝑇𝑇𝑇𝑇𝑉𝑉∗ ≤ 40.066+1 𝐴𝐴𝑖𝑖     40.066 < 𝑇𝑇𝑇𝑇𝑉𝑉∗ ≤ 45.740+2 𝐴𝐴𝑖𝑖     45.740 < 𝑇𝑇𝑇𝑇𝑉𝑉∗ ≤ 49.860+3 𝐴𝐴𝑖𝑖          49.860 <  𝑇𝑇𝑇𝑇𝑉𝑉∗ < +∞
  
                                                                (6.28) 
6.3 Percentage of dissatisfaction prediction (PD) 
PMV-PPD model was suggested to determine the relationship between the 
percentages of people feel dissatisfied and thermal sensation vote (ISO, 2005). As 
mentioned before, it is argued that people in hot and humid climate demonstrated a 
different correlation between thermal sensation vote (TSV) and percentage of thermal 
dissatisfaction (PD) from the PMV-PPD formula (Hwang et al., 2009). This study 
verifies this by examining whether the correlation was different from the PMV-PPD 
formula.  
Thermal satisfaction in this study was asked on a discrete two-point scale 
(acceptable/unacceptable). Binary logistical regression was used to figure out the 
relationship between TSV and PD. The respondents who voted for acceptable on the 
question of thermal acceptability were considered to be thermally satisfied with the 
outdoor thermal environment. The best-fitting logistical model for the percentage of 
thermal satisfaction (P) is expressed in Eq. (6.29). Table 6.10 shows the variables and 
regression coefficients for the logistical regression. It can be seen that the regression 
is statistically significant with p values less than 0.001.  
logit(P) = ln � P1−P� = −1.118TSV + 2.583                  (6.29) 
The percentage of thermal satisfaction (P) can be written as: 
           P = 
e(−1.118 TSV +2.583 )1+e(−1.118 TSV +2.583 )                              (6.30)                                                                                       
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Thus, the logistical model for the percentage of thermal dissatisfaction (PD) and 
thermal sensation (TSV) should be: 
PD = 1−P = 1−  e(−1.118 TSV +2.583 )1+e(−1.118 TSV +2.583 )               (6.31) 
The relationship between PMV and PPD is shown in Eq.(6.32) according to Fanger 
(1970) and ISO 7730 (ISO, 2005). 
PPD = 100 − 95 × exp [− (0.03353×PMV4+0.2179×PMV2)]        (6.32) 
Table 6.10 Variables and regression coefficients for the logistical regression 
 B S.E. Wald df Sig. Exp(B) 
Step 1a TSV -1.118 .078 206.923 1 .000 .327 
Constant 2.583 .112 528.152 1 .000 13.237 
a. Variable(s) entered on step 1: TSV. 
The comparison of the new TSV-PD curve and PMV-PPD curve is illustrated in 
Figure 6.2. The dashed curve in this figure corresponds to the original correlation 
based on the PMV-PPD curve. The solid curve in this figure represents the new 
TSV-PD correlation based on Eq. (6.31). Quite different from PMV-PPD formula, the 
TSV-PD formula is a monotone increasing function. The lowest point of the TSV–PD 
curve corresponds to a TSV of -2 (no respondents voted for -3 in this study). The 
maximum percentage of dissatisfied rate (TSV= +3) by the TSV-PD curve is only 
about 70% rather than the 100% by the PMV-PPD Curve. This reveals that even 
when the respondents felt hot (+3), there was quite a large percentage of them 
considered the outdoor thermal environment as acceptable. Besides, the TSV-PD 
curve also indicates that the cooler the people feel the more the percentage of people 




Figure 6.2 Comparison of TSV-PD and PMV-PPD curve 
6.4 Validation of thermal sensation and percentage of dissatisfied prediction 
model (TSV-PD model) 
To demonstrate the robustness of the TSV-PD model, it is necessary to validate the 
prediction results with different survey data. There are 200 samples available to 
validate the model. These samples were also collected from different outdoor urban 
spaces like the primary samples. 
The outputs of the thermal sensation prediction model by multiple linear regression 
and ordered choice model were compared with the actual thermal sensation votes, as 
shown in Figure 6.3. The predicted and surveyed TSVs are well correlated (R2=0.791 
for multiple linear regression and R2=0.887 for ordered choice model) and the 
regressions were both statistically significant at the 95% level. Thus, both the thermal 
sensation models can be used satisfactorily to predict the thermal sensation in outdoor 
urban spaces in Singapore. However, the ordered choice model is more robust than 
the multiple linear regression model. The better prediction ability of ordered choice 
































Firstly, the ordered choice model considered not only the microclimatic variables but 
also the psychological variables. The multiple linear regression model considered 
only the microclimatic variables. Thus, the independent variables in ordered choice 
model can explain more of the variance in TSV. 
Secondly, the output of the multiple linear regression model is continuous numbers 
while the actual thermal sensation vote is discrete numbers. The output of the ordered 
choice model is discrete numbers which is consistent with the actual TSV.  
 
Figure 6.3 Validation of TSV prediction models 
Figure 6.4 shows the relationship between predicted and surveyed percentage of 
dissatisfaction. The predicted values were highly correlated with the actual surveyed 
values (R2=0.925) and the regressions were both statistically significant at the 95% 
level. Thus, the TSV-PD curve (Figure 6.2) can be used satisfactorily to predict the 
percentage of people feel dissatisfied in outdoor urban spaces in Singapore. 
Multiple linear regression:
y = 0.689x + 0.03
(R² = 0.791)
Ordered choice model:
























Figure 6.4 Validation of PD prediction model  
6.5 Summary 
This chapter has demonstrated the development of thermal sensation prediction and 
percentage of dissatisfaction prediction models. The models were developed based on 
2036 data sets and validated by another 200 data sets collected from different outdoor 
urban spaces in Singapore.  
The thermal sensation prediction model was developed by two different statistical 
approaches, i.e., multiple linear regression and ordered choice model. The predicted 
and surveyed TSVs are well correlated for both the multiple linear regression and 
ordered choice model, indicating that both the models can be used satisfactorily to 
predict the thermal sensation in outdoor urban spaces in Singapore. However, the 
ordered choice model is more robust than the multiple linear regression model.   
A relationship between percentage of thermal dissatisfaction (PD) and thermal 
sensation vote (TSV) was developed in this study. This TSV-PD curve is different 
from PMV-PPD curve and more applicable to Singapore context. 




























Surveyed percentage of dissatisfaction (%)
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The proposed models can be applied by urban designers to evaluate the thermal 
sensation of users under certain outdoor thermal environment in Singapore. The 
proposed models are easy to use and easy to understand from the perspective of urban 
planners and designers. The next chapter will discuss the application of thermal 
sensation prediction model in evaluating the effect of urban design on outdoor 




Chapter 7 Effect of urban design on outdoor thermal comfort 
This chapter investigates the effects of different urban design strategies on outdoor 
thermal comfort in Singapore. ENVI-met numerical simulation and outdoor thermal 
sensation prediction model proposed in Chapter 6 were applied to examine a series of 
urban design strategies. Model calculations were run for two outdoor urban spaces in 
Singapore. One is a commercial area (CBD area around Shenton Way) and another is 
a residential area (two condominiums located at Bedok). In the former site, the effects 
of street orientation, aspect ratio and vegetation on outdoor thermal comfort were 
dealt with in detail. In the latter site, the effects of pavement materials, vegetation and 
water body on outdoor thermal comfort were the focuses. 
7.1 Methodology 
7.1.1 Study areas 
One study area is a part of Shenton Way as shown in Figure 7.1. Shenton Way is a 
one way street in Singapore's central business district, most known for the 
commercial skyscrapers flanking both sides of the road. It starts at the junction of 
Cross Street, Central Boulevard and Raffles Quay and ends at Keppel Road. The 
investigated part in this study is from Cross Street to Maxwell Road. The street is 
made of asphalt and is 30m wide. The buildings along the street have different height 
from 4 to 50 storeys. The canyon axis is oriented in the direction of SW-NE. Some 




Figure 7.1 Study area at Shenton Way 
Another study area (Figure 7.2) is two residential quarters at Bedok. The two 
residential quarters are condominiums named the Clearwater and Aquarius by the 
park near Bedok Reservoir. The two residential quarters are in close proximity to each 
other with the Clearwater on the west side of Bedok Reservoir View Road and 
Aquarius by the park on the east side the road. Buildings in the studied residential 
quarters are 4 to 18 storeys. A park is located in the vicinity of the two residential 
quarters on the north. 
   
The Clearwater                        Aquarius by the park                                                     






7.1.2 Field measurement 
As mentioned in Chapter 3, field measurements were carried out to give an idea of 
the accuracy of the ENVI-met modeling and to help set the boundary conditions.  
Field measurements were conducted at Shenton Way and Bedok from 1 March to 31 
May 2012. The meteorological parameters such as air temperature, relative humidity, 
wind speed and globle temperature were measured 24 hour continuously. The 
measurements were taken at 2.0 m above the ground. The measured variables and 
equipment used for the field measurement are listed in Table 7.1. All the instruments 
have been calibrated under dynamic outdoor conditions before the field campaign. 
The measurement points for Shenton Way and Bedok are shown in Figure 7.3.  
Table 7.1 Equipment used for field measurement 
Variable  Instrument  Logging Interval  Average  
Air temperature  HOBO Thermocouple Data Logger, U12-014  1 minute  5 minute  
Globe temperature  HOBO Thermocouple Data Logger, U12-014  1 minute  5 minute  
Wind speed  HOBO Wind Speed Smart Sensor, S-WSA-M003  1 minute  5 minute  
Sky View Factor  Nikon D80 Digital SLR camera  -  -  
      
 
 
   
(a) Shenton Way                      (b) Bedok 
 
Figure 7.3 Field measurement points at study areas 
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7.1.3 ENVI-met numerical modeling 
The simulation study was carried out on 27 April 2012 since this is the hottest day 
during the measurement period, according to meteorological data from the weather 
stations. The model was simulated for 18h starting at 4am and ending at 10pm. This 
is because the best time to start is at sunrise and the total running hour should be 
longer than 6 h to overcome the influence of the initialization.  
ENVI-met models were constructed according to the actual conditions of the study 
areas. The model domains (base case) for the two study areas are shown in Figure 7.4. 
The input data of the general model setting, the initial atmospheric/soil condition and 
building properties are summarized in Table 7.2. The simulations for Shenton Way 
and Bedok were initiated using data obtained from Sentosa weather station and 
Changyi airport weather station respectively. On the simulation day, the prevailing 
wind came from the southwest direction for both study areas according to the nearby 
weather station. The details of soil model configuration are available in the soil and 
profiles databases (see Appendix 3 and 4). 
   
(a) Shenton Way                        (b) Bedok 
Figure 7.4 Model domains for the study areas 
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Table 7.2 The boundary conditions and initial setting of ENVI-met modeling 
 
Location  Singapore 103o 51’ E, 1o18’N 
Climate Tropical climate 
Date/time simulated From 04:00 to 22:00 (18h) on 27 April 2012 
Model domain Shenton Way: 67x125x25 grids 
∆x=∆y=5m; ∆z=2m 
Note: Vertical grid with a telescoping factor=20% 
(from 2m above) 
Bedok:150x98x30 grids 
∆x=∆y=4m; ∆z=4m 
Note: Vertical grid with equidistant method 
Atmospheric 
boundary conditions 
Initial wind: 1.2m/s for Shenton Way and 1.0m/s 
for Bedok at 10m a.g.l 
Direction=250o(SW) for Shenton Way and 225o 
(SW) for Bedok 
Initial temperature (2500m)=306K  
Specific humidity (2500m)=7g/kg  
Relative humidity (2m)=75% 
Surface/soil  
conditions 
Initial temperature (-2m)=293K 
Relative humidity (-2m)=60% 
Building conditions Inside temperature=293K (constant) 
Heat transmission walls=1.94W/m2.K;  
heat transmission roofs=6W/m2.K 
Albedo walls=0.2 
Albedo roofs=0.3 
The following design strategies are analyzed for Shenton Way (Table 7.3): 
Street orientation: NE-SW, NW-SE, N-S, E-W 
Aspect ratio (height-to-width ratio H/W): 1 to 5 
Vegetation: increase/reduce the green cover within the street canyon 
The following design strategies are analyzed for Bedok (Table 7.4 ): 
Pavement materials: brick pavement in red, dark granite pavement, light-coloured 
granite pavement 
Vegetation: increase/reduce the green cover within the residential quarters 
Water bodies: add more water bodies within the residential quarters 
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          Base case NE-SW 2.8 Sparse trees and grass 
Orientation Scenario 1 NW-SE 2.8 Sparse trees and grass 
Scenario 2 E-W 2.8 Sparse trees and grass 
Scenario 3 N-S 2.8 Sparse trees and grass 
Aspect ratio 
(H/W) 
Scenario 4 NE-SW 1 Sparse trees and grass 
Scenario 5 NE-SW 2 Sparse trees and grass 
Scenario 6 NE-SW 3 Sparse trees and grass 
Scenario 7 NE-SW 4 Sparse trees and grass 
Scenario 8 NE-SW 5 Sparse trees and grass 
Vegetation 
Scenario 9 NE-SW 2.8 Add more grass 
Scenario 10 NE-SW 2.8 Add more trees 
Scenario 11 NE-SW 2.8 No vegetation 
 
 
Table 7.4 Different design scenarios for Bedok 
 
Design scenario Pavement materials Vegetation 
Base case Red brick (ID: kk) Sparse trees and grass 
Pavement 
materials  
Scenario 1 Dark granite (ID: gg) Sparse trees and grass 
Scenario 2 Light-coloured granite (ID: g2) Sparse trees and grass 
Vegetation 
Scenario 4 Red brick (ID: kk) Add more grass 
Scenario 5 Red brick (ID: kk) Add more trees 
Scenario 6 Red brick (ID: kk) No vegetation 
Water body Scenario 7 Red brick (ID: kk) Add more water bodies 
In order to compare different urban design scenarios, 30 points were extracted for 
analysis at Shenton Way and 16 points were extracted for analysis at Bedok (Figure 
7.5). This representation has the advantage of giving a complete survey of the 
microclimatic conditions at the study areas and points out the differences between the 




   
(a) Shenton Way                      (b) Bedok 
                                                  
Figure 7.5 Receptors (extracted points) for the study areas 
7.1.4 Assessment of outdoor thermal comfort 
The outdoor thermal comfort was evaluated by using the thermal sensation prediction 
model proposed in Chapter 6. The multiple linear regression model (Eq.(6.3)) was 
chosen due to its simplicity. The regression model is written as: 
𝑇𝑇𝑇𝑇𝑉𝑉 = 0.400𝑇𝑇𝑎𝑎 + 0.023𝑅𝑅𝑅𝑅 − 0.330𝑉𝑉 + 0.038𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚 − 14.190  
7.2 Validation of ENVI-met simulation 
The measured data from field measurement were compared with the result generated 
by ENVI-met simulation (base case), to understand the strength and limitations of 
ENVI-met. ENVI-met simulation was then applied for the outdoor thermal comfort 
evaluation purpose. Various design strategies for the two sites were simulated and the 
results were compared and analyzed in the next section. 
The hourly-based metrological parameters including air temperature, relative 
humidity, wind speed and globe temperature on 27 April 2012 for the two sites were 
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extracted from field measurements database to validate the ENVI-met simulation. It 
should be noted that there was an error for the relative humidity readings at some 
points during the measurement period. Besides, not all of the measured points had 
wind speed and globe temperature readings due to equipment limitation. However, 
compared with previous studies which validated ENVI-met based on only one point 
or one parameter (usually the air temperature) (e.g., Emmanuel et al., 2007; Wong et 
al., 2012; Kakon et.al., 2009; Peng and Jim, 2013), this study provides a more reliable 
validation of ENVI-met simulation.  
7.2.1 Shenton Way simulated and measured results 
Figure 7.6 shows the difference between simulated and measured air temperature for 
the base case of Shenton Way. It can be seen that ENVI-met underestimated the 
daytime air temperature and overestimated the nighttime air temperature. The 
differences between measured and simulated air temperature during daytime were 
less than 1.0 oC. However, the nighttime differences could be more than 2.0 oC. 
 
Figure 7.6 Simulated and measured air temperature difference at Shenton Way 
The difference between simulated and measured mean radiant temperature is given in 




































nighttime Tmrt was underestimated by ENVI-met. The daytime difference was about 
0.8-10.8 oC and nighttime difference was about 2.8-7.1 oC. 
 
Figure 7.7 Simulated and measured mean radiant temperature difference at Shenton 
Way 
Figure 7.8 shows a comparison between simulated and measured wind speed. The 
simulated wind speed shows quite different patterns compared with the measured 
wind speed. The difference was about -0.4 m/s to 0.6m/s. 
 


































































Figure 7.9 shows the difference between simulated and measured relative humidity. 
The simulated relative humidity shows some disconformities for both points. 
However, the differences were less than 5%. 
 
Figure 7.9 Simulated and measured relative humidity difference at Shenton Way 
 
7.2.2 Bedok simulated and measured results 
Due to measurement limitations, only air temperature and mean radiant temperature 
were compared for Bedok. 
Figure 7.10 shows the difference between simulated and measured air temperature for 
the base case of Bedok. It can be seen that ENVI-met underestimated the air 
temperature. However, the differences between measured and simulated air 



































Figure 7.10 Simulated and measured air temperature difference at Bedok 
The comparison between measured and simulated mean radiant temperature is given 
in Figure 7.11. It can be seen that daytime Tmrt is overestimated by ENVI-met and 
nighttime Tmrt is underestimated by ENVI-met. 
 






































































7.2.3 Summary of ENVI-met validation 
The comparisons of measurement and simulation results point out some issues on 
ENVI-met simulation in present study. 
Firstly, daytime air temperature is underestimated by about 0.2-1.0oC for both 
Shenton Way and Bedok, depending on site conditions. The discrepancy could be  
due to the omission of anthropogenic heat from ENVI-met in settings like Singapore 
where waste heat from air conditioning represents a significant component in the 
urban-canyon heat balance. The tendency of ENVI-met to underestimate daytime air 
temperature has been also reported by a number of studies (Emmanuel et al., 2007; 
Kakon et.al., 2009; Yang et al., 2011; Wong et al., 2012; Peng and Jim, 2013). Thus, a 
temperature compensation of 0.2-1.0oC should be added to the simulated air 
temperature during daytime.  
Secondly, nighttime air temperature shows contrary results for Shenton Way and 
Bedok. Nighttime air temperature was overestimated by about 0.6-2.5oC at Shenton 
Way but was underestimated 0.5-1.3oC in Bedok. Emmanuel et al. (2007) found that 
nighttime air temperature was underestimated by ENVI-met. However, Yang et al. 
(2011) found that nighttime air temperature was overestimated by ENVI-met. There 
is no agreement for the nighttime simulation results in terms of air temperature. 
Thirdly, daytime Tmrt was overestimated by ENVI-met and nighttime Tmrt was 
underestimated by ENVI-met. This is due to the lack of heat storage in ENVI-met 
modeling. The lack of heat storage in ENVI-met has a double effect on the simulation 
results: firstly, the instantaneous surface temperature is overestimated, and secondly, 
no heat can be released after sunset since no heat has been stored. Hence, the 
long-wave radiation emitted by the walls is overestimated in the daytime and 
underestimated by night (Ali-Toudert, 2005). Although the daytime Tmrt has been 
overestimated to a maximum of 10.8°C, it does not affect human thermal sensation 
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too much. As mentioned in Chapter 6, a change of 10.5°C in Tmrt is equivalent to a 
change of 1.0°C in air temperature. Thus, the simulated results of Tmrt can be used to 
evaluate the outdoor thermal comfort in Singapore. 
Fourthly, the comparison of wind speed indicates that the air turbulence in the 
high-rise built environment may not be satisfactorily modelled by ENVI-met. This is 
largely due to the static boundary condition of the model. However, winds in 
Singapore are generally light and the mean surface wind speed is normally less than 
2.5m/s (Fong et al., 2012). Under such a weak wind condition, wind speed variation 
is a less important factor influencing outdoor thermal comfort compared with air 
temperature and mean radiant temperature as discussed in Chapter 6.  
Fifthly, the relative humidity differences between simulated and measured results can 
be ignored because they are less than 5%. It has been pointed out before that relative 
humidity has a minor effect on outdoor thermal comfort in Singapore. 
Despite some discrepancies between measured and simulated results, the above 
validation process rationalizes the use of ENVI-met to simulate the urban 
microclimate of the study areas in this study. However, this study only investigated 
the outdoor thermal comfort during the daytime. The comparison of different urban 
design scenarios was based on 3pm because 3pm was the hottest time according to 
the measurement and simulation results. Besides, the simulated and measured results 
at 3pm has the smallest differences for all the microclimatic parameters. The 
nighttime outdoor thermal comfort of the study areas was not analyzed because the 
nighttime simulated results showed large discrepancies with the measured results. 
7.3 Simulation results of Shenton Way 
This section presents the simulation results of the 30 extracted points of Shenton Way 
(see Figure 7.5(a)) at 3pm and evaluates the effects of street orientation, aspect ratio 
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and vegetation on outdoor thermal comfort. The analysis was based on 2m above the 
ground. The detailed simulation results for the whole study area at Shenton Way can 
be found in Appendix 5. 
7.3.1 Street orientation 
7.3.1.1 Microclimate 
The air temperature patterns for the base case and the 3 alternative design scenarios at 
3pm are presented in Figure 7.12. The differences were small for all cases and did not 
exceed 0.7oC. NW-SE scenario had the highest air temperature and N-S scenario had 
the lowest air temperature. The air temperature difference between these two 
scenarios could be up to 0.5 oC. It should be pointed out that W-E scenario was not 
the worst condition but some points of W-E scenario experienced very high air 
temperatures.  
 
Figure 7.12 Air temperature for different street orientation 
 
Figure 7.13 shows the mean radiant temperature results for the 4 street orientation 
scenarios at 3pm. The differences could exceed 30 oC for different street orientations. 




























70 oC for the whole street. The extremely high Tmrt in NW-SE orientation is due to 
direct exposure of solar radiation on the whole street at 3pm. The south side of W-E 
street also experienced extremely high Tmrt, but some points on the north side of 
street had Tmrt lower than 40oC. For NE-SW street (base case) and N-S street, 
several parts of the street had Tmrt higher than 65 oC and the rest part had Tmrt less 
than 40 oC. 
 
Figure 7.13 Mean radiant temperature for different street orientation 
 
The wind speed patterns for the 4 cases at 3pm are presented in Figure 7.14. The W-E 
scenario had the highest wind speeds because the prevailing wind on the simulation 
day (27 April 2012) was in the south west direction (250o SW). The W-E street was 
orientated at an oblique angle of 20o to the prevailing winds, which enables 
penetration of the wind into the street. The wind speeds for NW-SE street, NE-SW 
street and N-S street were less than 0.6m/s.  
The relatively humidity patterns for the 4 cases at 3pm are presented in Figure 7.15. It 
shows that NW-SE scenario had the lowest relative humidity and N-S scenario had 
the highest relative humidity. However, the differences between different scenarios 








































Figure 7.15 Relative humidity for different street orientation 
7.3.1.2 Thermal comfort analysis 
The thermal sensation vote (TSV) of the 30 points for the 4 cases at 3pm is illustrated 
in Figure 7.16. The mean thermal sensation vote (MTSV) for the 4 cases is shown in 















































of TSV as shown in Figure 7.17 was 2.1, 3.0, 2.0 and 2.4 for NE-SW, NW-SE, N-S 
and W-E street, respectively. It can be concluded that NW-SE street had the worst 
thermal comfort condition and N-S street had the best thermal comfort condition. 
Although W-E street had the highest wind speed, the increase of wind speed cannot 
offset the increase of air temperature and mean radiant temperature.  
 
Figure 7.16 Thermal sensation vote (TSV) for different street orientation 
 
 



























































7.3.2 Aspect ratio 
7.3.2.1 Microclimate 
The air temperature patterns for the base case and the 5 alternative design scenarios at 
3pm are presented in Figure 7.18. It is clear that deep streets had lower air 
temperatures than shallow streets. The maximum air temperature difference between 
the different scenarios could be up to 0.80oC. It can also be seen that the air 
temperatures stopped decreasing when H/W reached 4. Design scenarios with H/W of 
4 and 5 had identical air temperatures.  
Figure 7.19 shows the mean radiant temperature results for the base case and the 5 
alternative design scenarios at 3pm. Same as the air temperature, the mean radiant 
temperature decreased with increasing H/W. The differences could exceed 30 oC for 
different aspect ratios. No differences can be observed when H/W reached 3. 
The wind speed patterns for the 6 cases at 3pm are presented in Figure 7.20. Not 
much difference was found between the different scenarios except that base case had 
lower wind speeds. From the point of urban ventilation, buildings of different height 
create better ventilation than buildings of the same height (Givoni, 1994). However, 
the simulation result does not support the above point. As mentioned before, 
ENVI-met cannot provide satisfactory results of wind speed due to its static boundary 
condition of the model. 
The relative humidity patterns for the 6 cases at 3pm are presented in Figure 7.21. 
The relatively humidity increased with the increase of H/W. However, the differences 
between different scenarios in terms of relatively humidity can be negligible because 
















































































Figure 7.21 Relative humidity for different aspect ratios 
7.3.2.2 Thermal comfort analysis 
The thermal sensation vote (TSV) at the 30 points for the 6 scenarios at 3pm is 
illustrated in Figure 7.22. It can be seen that TSV decreased with the increase of H/W, 





















































streets. However, the improvement of thermal comfort was not obvious when H/W 
reached 3.  
Figure 7.23 shows that the mean value of TSV was 2.6, 2.2, 1.6, 1.5 and 1.5 for 
H/W=1, 2, 3, 4 and 5, respectively. H/W = 3 could be considered as a threshold with 
respect to thermal comfort, since the global radiation received varies little for aspect 
ratios of 3 or less. 
 


































































The air temperature patterns for the base case and the 3 alternative design scenarios at 
3pm are presented in Figure 7.24. The scenario with more trees had the lowest air 
temperatures while the scenario with no vegetation had the highest air temperatures. 
The maximum air temperature reduction by planting more trees could be up to 0.75 
oC when compared with the case with no vegetation. The air temperature reduction by 
planting more grass was less obvious than planting more trees.  
Figure 7.25 shows the mean radiant temperature results for the base case and the 3 
alternative design scenarios at 3pm. Tmrt reduction caused by planting more grass 
was not obvious. Tmrt reduction caused by planting more trees was notable in areas 
where the sun was not blocked by buildings. Tmrt of the points under trees could be 
40 oC lower than the points with no vegetation.  
Figure 7.26 shows the wind speed results for the base case and the 3 alternative 
design scenarios at 3pm. The case with no vegetation had the highest wind speeds. 
Planting grass would reduce wind speed a little bit and planting trees would lead to a 
maximum wind speed reduction of 0.3m/s. 
Figure 7.27 shows the relative humidity results for the base case and the 3 alternative 
design scenarios at 3pm. The scenario with more trees had the highest relative 
humidity and the scenario with no vegetation had the lowest relative humidity. The 
differences of relative humidity between different scenarios can be negligible because 








































































































































7.3.3.2 Thermal comfort analysis 
The thermal sensation vote (TSV) at the 30 points for the 4 scenarios at 3pm is 
displayed in Figure 7.28. Figure 7.29 shows the MTSV of each scenario. It can be 
seen that scenario with more trees had the lowest MTSV of 1.9 and the scenario with 
no vegetation had the highest MTSV of 2.2. Tree planting is considerably more 
effective in urban cooling than grass planting. Tree planting at ground level can 
reduce the pedestrian-level air temperatures and mean radiant temperatures more 
notably than grass surfaces. This is because trees can provide shading to surfaces, 
which is more effective in reducing the mean radiant temperature.  
Although the air temperature and Tmrt could be reduced by planting trees, the relative 
humidity would be increased and the wind speed would be reduced. Nevertheless, the 
cooling effect caused by reduction of air temperature and Tmrt overwhelms the 
warming effect caused by increase of relative humidity and reduction of wind speed. 
 

































Figure 7.29 Mean thermal sensation vote (MTSV) for different vegetation 
7.3.4 Urban design implications  
Figure 7.30 shows the MTSV for all the design scenarios studied at Shenton Way. The 
results show that thermal comfort was difficult to reach passively at 3pm on Shenton 
Way (MTSV>1 for all the scenarios) but improvements were possible by means of 
appropriate design since street orientation, aspect ratio (H/W) and vegetation were all 
found to affect the outdoor thermal comfort at street level.  
 



























































The increase of aspect ratio seems to be more effective than the increase of vegetation 
in improving outdoor thermal comfort at street level. The scenario with H/W=4 had a 
MTSV of 1.5 while the scenario with more trees had a higher MTSV of 1.9. This can 
be due to the effective shading effects of high buildings which can reduce air 
temperature and mean radiant temperature at the same time.  
Wide street (H/W=1) were highly uncomfortable with a MTSV of 2.6. Street with 
NW-SE and E-W orientation were also extremely uncomfortable with a MTSV of 3.0 
and 2.4 respectively. Urban shading at street level is a function of street orientation as 
well as building height and density (H/W ratio). Since angles of the sun are high in 
Singapore, streets should avoid NW-SE and W-E orientation, while N-S orientation 
which provides shade in the morning and in the afternoon on at least one side of the 
street, will be beneficial. Furthermore, spaces between buildings should be shorter 
than the shadow lengths. The high angles of the sun in Singapore mandate that 
buildings should be closer to achieve significant urban shading. H/W=3 could be 
considered as a threshold with respect to outdoor thermal comfort, since the global 
radiation received varies little for aspect ratios of 3 or less. It would be better if 
additional shading devices, particularly horizontal devices, are provided for shading.  
7.4 Simulation results of Bedok 
This section presents the simulation results of the 16 extracted points of Bedok (see 
Figure 7.5(b)) at 3pm and discusses the effects of pavement materials, vegetation and 
water body on outdoor thermal comfort. The detailed simulation results for the whole 




7.4.1 Pavement materials 
7.4.1.1 Microclimate  
The air temperature patterns for the base case and the 2 alternative design scenarios at 
3pm are presented in Figure 7.31. The differences in paving materials have caused a 
maximum air temperature difference of 0.78 oC. Pavement with light-coloured granite 
pavement (ID: g2) had the lowest air temperatures and dark coloured granite (ID: gg) 
had the highest air temperatures.  
Figure 7.32 shows the mean radiant temperature for different pavement materials at 
3pm. Tmrt patterns are contrasting with the air temperature patterns. Pavement with 
light-coloured granite pavement (ID: g2) had the highest mean radiant temperature 
and dark coloured granite (ID: gg) had the lowest mean radiant temperature.  
Figure 7.33 and Figure 7.34 shows the wind speed and relative humidity at 3pm. Not 
much difference could be found between the different scenarios in terms of wind 
speed and relative humidity. 
 































































































Figure 7.34 Relative humidity for different pavement materials 
7.4.1.2 Thermal comfort analysis 
The thermal sensation vote (TSV) at the 16 points for the 3 scenarios at 3pm is 
illustrated in Figure 7.35. Figure 7.36 shows the MTSV of each scenario. No 
differences were found between scenarios with different pavement materials. 
Although the scenario with g2 (light-coloured granite) has the lowest air temperate, it 
has the highest mean radiant temperature, thus the thermal comfort was not improved 
by using the light-coloured granite. 
 
























































Figure 7.36 Mean thermal sensation vote (MTSV) for different pavement materials 
 
 
7.4.2 Vegetation and water body 
7.4.2.1 Microclimate 
The air temperature distribution for the 4 scenarios at 3pm is displayed in Figure 7.37. 
Compared with base case, the air temperature reduction by planting more grass and 
trees could be up to 0.54 oC and 1.19 oC respectively. Planting trees is more effective 
in lowering air temperature than planting grass. The air temperature difference 
between the water bodies scenario and base case was very small. Thus, placing more 
water bodies could not lower the air temperature in the residential quarters at Bedok.  
Figure 7.38 shows the mean radiant temperature results for the base case and the 3 
alternative design scenarios at 3pm. Tmrt reduction caused by planting grass was not 
obvious. Tmrt reduction caused by planting trees was notable with a maximum 
reduction of 40oC. Not much mean radiant temperature difference can be observed 
between the water body scenario and base case. 
Figure 7.39 shows the wind speed for the base case and the 3 alternative design 
































differences were observed for other design scenarios. 
Figure 7.40 presents the relative humidity for the base case and the 3 alternative 
design scenarios at 3pm. The scenarios with more trees and grass had higher relative 
humidity, with an increase of up to 7.3% compared with base case. RH was also 
slightly higher for scenario with more water bodies compared with the base case.  
 
Figure 7.37 Air temperature for different vegetation and water body 
 
 
































































Figure 7.40 Relative humidity for different vegetation and water body 
 
7.4.2.2 Thermal comfort analysis 
From Figure 7.41 and Figure 7.42, it can be seen that the scenario with tree planting 
has the lowest TSV, indicating tree planting is the most effective way to improve 


















































bodies are marginal. 
 




Figure 7.42 Mean thermal sensation vote (MTSV) for different vegetation and water 
body 
 
7.4.3 Urban design implications   
Figure 7.43 shows the MTSV for all the design scenarios studied at Bedok. Basically, 



























































grass and more water bodies scenarios. However, it is evident that the mean TSV can 
be reduced to 1.5 if more trees were planted. Thus, the tree planting strategy appears 
to be the most effective way to improve outdoor thermal comfort during the daytime.  
Increasing ground albedo levels does not seem to improve outdoor thermal comfort. 
An increase of about 0.4 in surface albedo (change from dark coloured granite to 
light-coloured granite pavement) lowered the air temperature by 0.16-0.78oC. 
However, this albedo increased the mean radiant temperature up to 13.07oC. As a 
result, the overall thermal comfort was not improved according to the outdoor thermal 
sensation prediction model.  
 
Figure 7.43 Mean thermal sensation vote (MTSV) for all the design scenarios at 
Bedok 
7.5 Summary 
This chapter analyzes the effect of urban design strategies on outdoor thermal comfort 
in urban spaces in Singapore. This chapter also shows that outdoor thermal comfort 
could be properly evaluated by investigating the whole space of an urban area versus 

































Design strategies that lead to lower air temperature may not necessarily lead to better 
outdoor thermal comfort. The increase of mean radiant temperature and relative 
humidity as well as the decrease of wind speed would deteriorate outdoor thermal 
comfort. However, design strategies which can reduce air temperature and mean 
radiant temperature simultaneously would definitely lead to better outdoor thermal 
comfort.  
Design strategies that lead to higher relative humidity and lower wind speed may not 
necessarily lead to thermal discomfort in urban spaces. If the positive effects by air 
temperature and mean radiant temperature reduction could overcome the negative 
effects by relative humidity increase and wind speed reduction, outdoor thermal 
comfort can still be improved greatly. 
The above points indicate that shading is the key strategy for promoting outdoor 
thermal comfort in Singapore because it leads to a reduction of air temperature and 
mean radiant temperature and thus to a cooler thermal sensation.  
Shading achieved by means of high aspect ratios can reduce substantially the thermal 
discomfort of people at street level. High aspect ratios were found to be an effective 
strategy in shortening the duration of exposure to solar energy and mostly affected the 
amount of absorbed short-wave irradiance. H/W=3 could be considered as a threshold 
with respect to outdoor thermal comfort, since the MTSV varies little for aspect ratios 
of 3 or more. 
Shading achieved through appropriate street orientation can also lead to better 
outdoor thermal comfort. It was observed that the N–S orientation (MTSV=2.0) was 
the most comfortable street, and the NW–SE oriented street (MTSV=3.0) was more 
stressful than the NE–SW street (MTSV=2.1) in the afternoon. 
Tree planting is also an effective strategy to promote shading and thus improve 
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outdoor thermal comfort. Tree planting is more beneficial than grass surfacing. 
Although tree planting would lead to an increase of relative humidity and decrease of 
wind speed, those negative effects are minor compared with the positive effects of 
reduction of air temperature and mean radiant temperature.  
As for the role of pavement materials, the high albedo material does not seem to 
improve outdoor thermal comfort. Although the high albedo material can reduce air 
temperature substantially, it can also lead to a high mean radiant temperature, thus the 
thermal comfort would suffer (MTSV=2.2). Water bodies were found to be not 
effective in improving outdoor thermal comfort.  
Given the limitations of ENVI-met modeling, limited design strategies were 
investigated in this study. Studies which consider more urban design options and the 




Chapter 8 Conclusion 
8.1 Summary of research findings 
This study investigated outdoor thermal comfort in urban spaces in Singapore. The 
important findings obtained for each objective of the study are summarized as 
follows: 
• First Objective  
The first objective of this study was to investigate thermal comfort perception and 
thermal preference of people in outdoor urban spaces in Singapore. Thermal neutral 
temperature was 28.7oC Top and 28.1 oC PET. Maximum acceptable temperature was 
32.5 oC PET.  
Sun sensation (SSV) had the most significant influence on thermal sensation (TSV) 
with a correlation coefficient of 0.47. The effect of high humidity (vapour 
pressure>34 hPa) on thermal sensation is obvious under hot conditions (PET>32oC). 
The perception of stuffiness of wind could also be attributed to high humidity. 
• Second Objective  
The second objective was to study the impact of thermal adaptation on outdoor 
thermal comfort. The impact of thermal adaptation factors on human thermal 
sensation in outdoor urban spaces in Singapore was explored firstly. The result shows 
that the air conditioned and naturally ventilated experiences had an effect on human 
thermal sensation. It was also observed that people can adapt to the outdoor thermal 
environment by various adaptive behaviors, such as moving to shaded areas or 
wearing a hat.  
No much differences were found between indoor and outdoor thermal comfort. The 
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neutral temperatures in indoor and outdoor conditions were almost the same for 
people in Singapore. This result contradicts with previous findings. 
A detailed comparative analysis of human thermal comfort conditions in outdoor 
urban spaces in Singapore and Changsha, China was made in this study. The data 
gathered in the two field surveys support the hypothesis that occupants in Singapore 
and Changsha have different thermal comfort requirements for the outdoor urban 
spaces despite the similar outdoor thermal conditions. Due to thermal adaptation, 
Changsha respondents were more tolerant than Singapore respondents under hot 
conditions.  
By comparing different outdoor thermal comfort studies conducted in different 
climate zones, it can be concluded that people have different thermal comfort 
perceptions in various climates by thermal adaptation to local climate. 
• Third Objective  
The third objective was to develop an outdoor thermal comfort prediction model for 
Singapore with consideration of both microclimatic parameters and human thermal 
adaptation factors. The outdoor thermal comfort prediction model includes two 
models, i.e. thermal sensation prediction model (TSV) and percentage of thermal 
dissatisfaction prediction model (PD).  
The thermal sensation prediction model (TSV) was developed by using two different 
statistical approaches, i.e. multiple linear regression and ordered choice model. Both 
the prediction models can be used satisfactorily to predict the thermal sensation in 
outdoor urban spaces in Singapore. However, the ordered choice model is more 
robust than the multiple linear regression model.   
This study also demonstrated a new relationship between percentage of thermal 
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dissatisfaction (PD) and thermal sensation vote (TSV), which is different from the 
PMV-PPD curve. The TSV-PD curve is more applicable to outdoor urban spaces in 
Singapore than the PMV-PPD curve which is prescribed for indoor spaces. 
The outdoor thermal comfort prediction (TSV-PD) model developed in this study can 
be easily applied by urban designers to evaluate the thermal sensation of users under 
certain outdoor thermal environment in Singapore. 
• Fourth Objective  
The fourth objective was to evaluate the effect of urban design on outdoor thermal 
comfort in urban spaces in Singapore. The effect of urban design on outdoor thermal 
comfort was quantitatively analyzed in this study based on the proposed outdoor 
thermal sensation prediction model and ENVI-met numerical simulation.  
The results show that outdoor thermal comfort is difficult to reach passively at 3pm at 
Shenton Way and Bedok but improvements are possible by means of appropriate 
design since street orientation, aspect ratio (H/W) and vegetation were all found to 
affect human thermal comfort in outdoor urban spaces.  
Shading is the key strategy for improving outdoor thermal comfort in Singapore 
because it leads to a reduction of air temperature and mean radiant temperature and 
thus to a cooler thermal sensation. Shading achieved through appropriate street 
orientation can lead to better outdoor thermal comfort. It was observed that the N–S 
orientation (MTSV=2.0) was the most comfortable street, and the NW–SE oriented 
street (MTSV=3.0) was more stressful than the NE–SW street (MTSV=2.1) in the 
afternoon. Shading achieved by means of high aspect ratios can reduce substantially 
the thermal discomfort of people at street level. H/W=3 (MTSV=1.6) could be 
considered as a threshold with respect to outdoor thermal comfort, since the MTSV 
varies little for H/W>3. Tree planting is also viewed as an effective way to promote 
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shading and thus improve outdoor thermal comfort. It was also found that tree 
planting at ground level (MTSV=1.5) was more effective than grass surfacing 
(MTSV=2.0) in reducing thermal discomfort.  
High albedo pavement materials (MTSV=2.2) did not seem to bring positive 
influences to outdoor thermal comfort. Although the high albedo material could 
reduce air temperatures substantially, it could also lead to high mean radiant 
temperatures, thus the outdoor thermal comfort would suffer. It was also found that 
adding more water bodies (MTSV=2.2) was not an effective way to improve outdoor 
thermal comfort in Singapore. 
8.2 Contributions 
This study contributes to the body of knowledge of outdoor thermal comfort in the 
following ways: 
• This study is the first and most comprehensive outdoor thermal comfort survey 
in urban spaces in Singapore. The results of this study provide a better 
understanding of the general thermal environment and occupants’ thermal 
comfort perceptions in outdoor urban spaces in Singapore. This study also has 
significant impact on understanding of thermal adaptation on outdoor thermal 
comfort in urban spaces.  
• The proposed outdoor thermal comfort prediction model in this study can be 
used by urban designers and planners to evaluate human thermal comfort in 
urban spaces in Singapore.  
• This study provides a link between the theoretical knowledge on human thermal 
perception and the practical urban design process. The results contribute to the 
urban design or planning practice to provide an appropriate thermal comfort 
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condition in urban spaces in Singapore. 
8.3 Limitations and recommendations 
Some limitations of this study are presented as follows: 
• The proposed outdoor thermal comfort prediction model is not applicable to 
predict the thermal sensation of people who carry out higher activities such as 
sports and other heavy works (activity level or metabolic rate which is higher 
than 1.4 met). Heat stress of people with higher activities is another research 
topic which is beyond the scope of this study. 
• Due to the limitations of ENVI-met modeling, limited design strategies were 
investigated in this study. Besides, outdoor thermal comfort during the nighttime 
was not analyzed due to the unreliable simulated results for the nighttime.  
There are several interesting directions for future work in the areas of research 
presented in this thesis: 
• Thermal adaptation is a challenging issue in the area of thermal comfort study 
due to the complex and conflicting nature of people’s responses to thermal 
environment and further research into mechanism of thermal adaptation on 
human thermal comfort is still needed in future. 
• The outdoor comfort model proposed in this study could be extrapolated to other 
cities with tropical climate. It is recommended that more field measurements 
may be expanded in the neighbouring tropical countries. Besides, UTCI is 
needed to be calibrated against human subjective assessments in tropical 
climate. 
• The outdoor comfort model can be integrated with other microclimate simulation 
162 
 
models like ENVI-met to make the thermal sensation vote (TSV) as an output 
parameter of the microclimate models. 
• Future study is needed to examine more urban design strategies in tropical 
climate. The effect of urban design on nighttime outdoor thermal comfort will be 
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Appendix 1 Questionnaire for field survey (English version) 
      Outdoor Thermal Comfort Survey in Urban Spaces    No.   
 
Thermal comfort evaluation
1) How do you feel at this moment? 
  
(put “√” in box that best reflects your current sensation) 
 
Cold Cool Slightly cool Neutral Slightly warm Warm Hot 
       
 
2) Would you like the current environment to be…? 
Cooler No Change Warmer 
   
 
3) How do you feel about air humidity at this moment? 
Too dry Dry Ok Humid Very humid 
     
 
4) Would you like the humidity to be …? 
Less Humid No Change More humid 
   
 
5) How do you feel about the air flow at this moment? 
Stale Little wind Ok Windy Too much wind 
     
 
6) Would you like the air flow to be …? 
Less  No Change Greater  
   
 
7) How do you feel about the sun at this moment? 
Too weak Little weak Ok Little strong Too strong 
     
8) Would you like the sun to be …? 
Weaker  No Change Stronger  
   
 
9) Do you think the thermal environment….? 





Thermal adaptation and use of urban space
1) Why do you come to this place? 
  
(put “√” in box that best reflects your situation) 
 
Rest  
Social or cultural activity (meeting friends, taking 
photos, painting, cultural and religious events, study, 
taking care of children, shopping, etc.) 
 
Passage to another place  
Others: (please indicate)  
 
2) How long have you been in this place? 
10 to 20 min  
20 to 30 min  
30 min to 1 hour  
>1 hour  
 
3) Which environment were you in 15 mins prior to the survey now? 
Naturally ventilated  
Air conditioned  
 
4) How often do you come here? 
First time  
1 or 2 times per year/half year  
1 or 2 times per month  
1 or 2 times per week  
More than 2 times per week  
 
5) If you feel it is too hot in this place, what measures do you prefer to take in 
response? (Multi-choice) 
Move to shaded trees/shelters  
Open umbrella/wear hat  
Get more drink  
Reduce clothing  




Shirts/Blouses: □Sleeveless □Short sleeve □Long-sleeve □Others    
Personal information 
Gender: □Male   □Female   Age:                
Race: □ Chinese  □ Malay   □ Indian    □ others:                
Activity (right now): □ Sitting  □ Standing 
Clothing: (tick all the items closest to what you are wearing at this moment) 
Trousers: Shorts (□Short □Knee) Pants (□Knee □Ankle) Jeans (□Knee □Ankle) □Others      
Dress /Skirts: □Short □Knee □Ankle □Long-sleeve dress □Others     




Appendix 2 Questionnaire for field survey (Chinese version) 






冷 较冷 适中 较热 热 很热 
       
2）您希望环境如何变化？ 
再冷一些 不变 再热一些 
   
3）您对此时空气潮湿度感觉如何？ 
很干燥 干燥 适中 潮湿 很潮湿 
     
4）您希望空气潮湿度如何变化？ 
再干燥一些 不变 再潮湿一些 
   
5）您对此时风速感觉如何？ 
无风 风较小 适中 风较大 风太大 
     
6）您希望风速如何变化？ 
再小一些  不变 再大一些  




再弱一些  不变 再强一些  
   
9) 您认为此处的热环境可以接受吗？ 




很弱 较弱 适中 较强烈 太强烈 
















大于 60分钟  





一年或半年 1到 2次  
一个月 1到 2次  
一周 1到 2次  









性别: □男 □女  年龄：        
民族: □汉族  □其他：                  




（一）、衬衫/T恤   1、长袖     2、短袖   3、无袖     4、吊带 
（二）、裤子       1、薄长裤   2、短裤   3、牛仔裤 
（三）、裙子       1、短裙     2、长裙   3、连衣裙   
（四）、鞋子       1、皮鞋     2、凉鞋   3、运动鞋   4、拖鞋 
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Appendix 3 Soil database in ENVI-met 3.1 
ID V ns nfc nwilt matpot hydr CP b Hcn Description 
00 0 0.451 0.155 -0.478 7.0 1.212 5.39 5.39 0.00 Default soil (loam) 
sd 0 0.395 0.135 0.0068 -0.121 176.0 1.463 4.05 0.00 Sand 
ls 0 0.410 0.150 0.075 -0.090 156.3 1.404 4.38 0.00 Loamy sand 
sl 0 0.435 0.195 0.114 -0.218 34.1 1.320 4.90 0.00 Sandy  loam 
sl 0 0.485 0.255 0.179 -0.786 7.2 1.271 5.30 0.00 Silt loam 
le 0 0.451 0.240 0.155 -0.478 7.0 1.212 5.39 0.00 loam 
ts 0 0.420 0.255 0.175 -0.299 6.3 1.175 7.12 0.00 Sandy clay loam 
tl 0 0.477 0.322 0.218 -0.356 1.7 1.317 7.75 0.00 Silty clay loam 
lt 0 0.476 0.325 0.250 -0.630 2.5 1.225 8.52 0.00 Clay loam 
st 0 0.426 0.310 0.219 -0.153 2.2 1.175 10.40 0.00 Sand clay 
ts 0 0.492 0.370 0.283 -0.490 1.0 1.150 10.40 0.00 Silty clay 
to 0 0.482 0.367 0.286 -0.405 1.3 1.089 11.40 0.00 Clay 
tf 0 0.863 0.500 0.395 -0.356 8.0 0.836 7.75 0.00 Peat 
zb 1 0.00 0.000 0.000 0.00 0.0 2.083 0.00 1.63 Cement concrete 
mb 1 0.00 0.000 0.000 0.00 0.0 1.750 0.00 2.33 Mineral concrete 
ak 1 0.00 0.000 0.000 0.00 0.0 2.214 0.00 1.16 Asphalt (with gravel) 
ab 1. 0.00 0.000 0.000 0.00 0.0 2.251 0.00 0.90 Asphalt (with basalt) 
gr 1 0.00 0.000 0.000 0.00 0.0 2.345 0.00 4.61 Granite 
ba 1 0.00 0.000 0.000 0.00 0.0 2.386 0.00 1.73 Basalt 
ww 2 0.00 0.000 0.000 0.00 0.0 0.000 0.00 0.00 Water 
zz 1 0.00 0.000 0.000 0.00 0.0 2.000 0.00 1.00 Brick 
Note: ID: the two-digit ID which links the soils with the profile data in Profile.dat; 
V: kind of soil: 0-normal soil; 1-sealing material (no water exchange); 2-deep water; 
ns: volumetric water content at saturation in [m2/m3];                        nfc: volumetric water content at field capacity in [m2/m3]; 
nwilt: volumetric water content at wilting point (for the vegetation in [m2/m3];    matpot: matrix potential at saturation in [m]; 
hydr: hydraulic conductivity at saturation in [m/s];                          CP: volumetric heat capacity in [J/m3/K]; 




Appendix 4 Profiles database in ENVI-met 3.1 
 
ID -0.005 0.015 0.025 0.035 0.050 0.07 0.09 0.15 0.25 0.35 0.45 0.75 1.25 1.75* Z0 GSA Ei** Description 
0 le le le le le le le le le le le le le le 0.015 0.00 0.98 Default unsealed soil 
s ab ab ab ab ab ab ab ab ab le le le le le 0.010 0.10 0.90 Asphalt road 
p zb zb zb zb zb le le le le le le le le le 0.010 0.20 0.90 Pavement (concrete) 
l le le le le le le le le le le le le le le 0.015 0.00 0.98 Loamy soil 
sd sd sd sd sd sd le le le le le le le le le 0.050 0.00 0.90 Sandy soil 
w ww ww ww ww ww ww ww ww ww ww ww ww ww ww 0.010 0.00 0.96 Deep water 
kk zz zz zz sd le le le le le le le le le le 0.010 0.30 0.90 Brick road (red) 
kg zz zz sd le le le le le le le le le le le 0.010 0.50 0.90 Brick road (yellow) 
gg gr gr sd le le le le le le le le le le le 0.010 0.15 0.90 Dark granite pavement 
gs gr gr sd le le le le le le le le le le le 0.010 0.20 0.90 Granite pavement 
g2 gr gr sd le le le le le le le le le le le 0.010 0.80 0.90 Granite shining 
Note: *The columns labelled ‘-0.015’ to ‘-1.75’ are the vertical grid boxes of the soil model (extends down to 2 m in depth). 




Appendix 5 ENVI-met simulation results for Shenton Way 
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Appendix 6 ENVI-met simulation results for Bedok 
 


































































                                                 














Page 3 Re the hypothesis in the last few lines- Not sure if this is a 
reasonable hypothesis. The earlier studies come from typically 
“non humid” climates. Temperature alone is not a factor for 
Thermal comfort (TC). Humidity will be a strong factor that 
influences TC for outdoor spaces in hot and humid climates. 
 This hypothesis is reasonable because it is based on the adaptive 
theory which is derived from earlier studies conducted in different 
climates including humid climate. The database of adaptive theory 
consists of cities in many countries like Australia, Canada, France, 
Greece, China (Hong Kong), Indonesia, Pakistan, Portugal, 
Singapore, Sweden, Thailand, UK, US, Zambia, etc. 
The 1st sentence of this paragraph (Page 4, 1st paragraph) has 
been rewritten as:  
"According to adaptive theory which was based on 21,000 
observations from 160 buildings from four continents over the 
world (Brager and de Dear, 1998; Humphreys and Nicol, 1998), 
individuals can adapt themselves to outdoor thermal conditions 
and the temperatures customary for comfort vary geographically 
and seasonally with the climate (Humphreys et al., 2007)." 
Indeed, temperature alone is an inappropriate indicator for the 
assessment of thermal comfort outdoors. Other environmental 
factors (e.g. mean radiant temperature, humidity, wind) are also 
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very important in the assessment of outdoor thermal comfort. 
Humidity also has an effect on thermal comfort under hot 
conditions. The detailed discussion of the effect of humidity on 
outdoor thermal comfort has been added to Section 4.6 (Page 
65-66). This section concluded that at higher temperatures, the 
effect of vapour pressure on human thermal sensation was obvious. 
Page 5 How well is humidity handled and modeled in ENVI-met? 
 Based on the ENVI-met simulation results (Chapter 7, Page 129, 
Figure 7.9), humidity is well modeled in ENVI-met. 
Page 9 Table 
2.1 
Mean values are reported. Range of temperatures etc, rather than 
monthly mean, is useful. 
 Thanks for the suggestion. 
This section has been removed according to another examiner's 
suggestion. Singapore’s climate characteristics is not Literature 
Review. The climate characteristics has been simply mentioned in 
Chapter 1 (Page 2, 2nd paragraph) and detailed described in 
Chapter 5 (Page 79, 3rd paragraph). 
Page17 Enlarge Figure 2.1- A bit too small to read the text. 
 Figure 2.1 has been enlarged. 
Page 43 Why were two different types of instruments used in Singapore 
and Changsha studies? There are differences in measurement range 
and accuracy. 
 There is no need to use the same types of instruments. The 
instruments used in both Singapore and Changsha meet the 
requirements for measuring range and accuracy given in ISO 7726 
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and ISO 9060. Although there are some differences in 
measurement range and accuracy, the instruments can accurately 
measure the microclimatic parameters in urban spaces. 
Besides, it is not convenient to carry the instruments on airplane 
and it requires a generous budget to buy a new set of instruments, 
so we just used the available instruments in both universities (NUS 
and Hunan University). 
Page 59 Fig 4.3 What is the sample size? What is the duration of this part of 
study-morning, midday, afternoon or evening? 
 The sample size is 2036 (Page 54, 1st line of 1st paragraph and 
Table 4.2). 
The survey was usually conducted in four sections a day: morning 
(9-11am), midday (12-2pm), afternoon (3-5pm) and evening 
(8-10pm) (Page 55, Section 4.1.3, last sentence of 2nd 
paragraph). 
Page 60 Fig 4.4 Is this the same sample set as that of Fig 4.3? How did the actual 
measurements compare? 
 Yes, it is the same sample set as that of Fig 4.3. This figure 
corresponds to question "How do you feel about the air humidity at 
this moment?" It is the overall evaluation of air humidity. 
Page 61 Fig 4.5 Is this the same sample set as that of Fig 4.3? It is quite evident 
that lack of wind speed was prevalent in most of the measurements 
in this study. This feeling or perception of stuffiness could also be 
attributed to high humidity. In fact, high humidity could be a 
confounding factor. So, how realistic is it then to conclude that 
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people in hot and humid climates may not be sensitive to change in 
humidity levels? 
 Yes, it is the same sample set as that Fig 4.3. 
Yes, I agree with you that the feeling of stuffiness of wind could 
also be attributed to high humidity. It is inappropriate to conclude 
that people in hot and humid climates may not be sensitive to 
change in humidity levels. The detailed discussion of the effect of 
humidity on outdoor thermal comfort has been added to Section 
4.6 (Page 65-66). 
Page 61 Last 
sentence 
This is true and the observation from Fig 4.6 is intuitive if the 
measurements were taken in the mid-day and afternoon periods. Is 
this the case? 
 Fig 4.6 considers cases in the morning, midday and afternoon. The 
evening cases were not included in this sun sensation analysis. For 
the morning section (9am-11am), the solar radiation is usually 
strong in clear days (global radiation can be higher than 200W/m2). 
Thus, I think the daytime cases (morning, midday and afternoon) 
can be analyzed as a whole data set for sun sensation evaluation. 
Page 62 Fig 4.6 Is this the same sample set used for Fig 4.3? 
 No, the evening cases were not included in this sun sensation 
analysis. The sample size is 1784. 
Page 62- 
Correlation 
It appears that the correlation analysis is done for all the 2036 
samples/questionnaires collected as one set. What is the rationale 
for providing only one such analysis? Why not look at the midday 
and afternoon periods collectively as a data set? Surely, the 
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conditions in the morning and evening periods will be distinctly 
different?  Especially the SSV, HSV and TSV. The correlation 
coefficients obtained in Section 4.4 will be quite different, which 
may then have an implication the conclusions drawn and 
recommendations made. 
 Thanks for the suggestion.  
The correlation analysis for the TSV, HSV and WSV was based on 
the whole 2036 samples. However, the correlation analysis 
regarding SSV was based on only 1784 samples (the evening cases 
were not included). I have conducted the analysis separately for 
morning, midday, afternoon and evening period. But the result 
shows that there was no much differences between these different 
time periods. Thus, it is reasonable to conduct the correlation 
analysis based on the whole data set. I have added this sentence to 
Page 58, 2nd paragraph: 
"It should be noted that the data analysis in this section was based 
on the whole data set (2036 samples). Separate analysis has been 
conducted for morning, midday, afternoon and evening period, but 
the result shows that there were no much differences between these 
different time periods." 
Page 72 Section 
5.1.3 
This appears to be counter intuitive. One would have expected 
visiting frequency to have had an impact on TSV. 
 This is an interesting result. Normally one would expect to be 
more tolerant with the thermal environment in a place if they have 
visited the place many times. However, thermal comfort is affected 
by many factors such as microclimatic parameters, past thermal 
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experiences, expectation, thermal control, etc. All these factors 
affect human thermal comfort in a very complex way. It is possible 
to get such an result. I think I can make a special study on visiting 
frequency in future. 
Page 76 Section 
5.2 
The statement that "there is no big difference between indoor and 
outdoor conditions in terms of neutral thermal sensation" is too 
simplistic and generalized a statement. 
There are important differences that need to be acknowledged: 
a. "Indoor spaces" study (Wong and Khoo) refer to school 
classrooms (presumably) and hence cannot represent all types 
of  "formal" indoor functions. Feriadi study is in residential 
buildings, where expectations and attire could be quite diverse. 
b. Mean air temperature in Wong and Khoo study is not reported. 
Mean air temperature in Feriadi study is 1.2oC lower than the 
current study. 
More importantly, in the two "indoor spaces" study, one behavioral 
adjustment would have been possible that is not available in the 
current study for outdoor spaces – use of fans. 
 Thanks for the elaborations which are really helpful to deepen my 
understanding.  
a. Although school classrooms are not "formal" indoor conditions, 
they are naturally ventilated. Compared with the offices which are 
mostly air-conditioned in Singapore, the classrooms are more 
similar and comparable with outdoor conditions.  
As for the residential buildings in Feriadi's study, I understand that 
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expectations under indoor conditions are different from outdoor 
conditions. However, no big attire difference can be found for 
indoor and outdoor conditions. The average clothing insulation is 
0.34 clo in Feriadi study and 0.30 clo in my study. The typical 
attire of people in Singapore is short T-shirt and short pants or 
short skirt.  
b. Mean air temperature in Feriadi study is 1.2oC lower than the 
current study. However, mean wind speed in Feriadi study 
(0.30m/s) is much lower than current study (0.97m/s). The higher 
wind speeds will compensate for the higher air temperatures. 
Yes, different from indoor environments where people can regulate 
the conditions by behavioral adjustment like opening windows or 
turning on fans, the only practical methods of modulating the 
conditions of outdoor environments are natural ventilation or sun 
shelters.  
My result seems to contradict with the general findings that 
thermal comfort requirements in indoor and outdoor conditions 
should be different. The main reason for the unusual result can be 
attributed to the special climate context of Singapore. Compared 
with cold, temperate or subtropical climate where large climatic 
differences between indoor and outdoor can be found, the climatic 
difference between indoor (naturally ventilated) and outdoor 
(under shaded conditions) in Singapore is relatively small. Despite 
the different behaviour adjustment and control of the thermal 
environment, the neutral temperature for indoor and outdoor 
condition is almost the same. Besides, people have same clothing 
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and activity level in indoor (naturally ventilated) and outdoor 
conditions (Page 77, 2nd paragraph). 
Page 89 Last 
paragraph 
Any explanation for the observation made. Does the change of 
seasons in Changsha have anything to do with Changsha 
respondents “preferring” warmer thermal environment in summer? 
 Yes, the change of seasons may make the Changsha respondents 
“preferring” warmer thermal environment in summer. Due to the 
extremely cold climate in winter and very short period of spring in 
Changsha, some people may kind of "enjoy" the hot climate in 
summer (Page 89, 2nd paragraph). 
Page 113 Last 
paragraph 
It is rather difficult to accept that activity is not statistically 
significant for TSV. One would expect activity level to have a 
fairly strong influence on TSV. 
 The poor significance of activity is due to that this study only 
considered people who performing two activities (sitting or 
standing) as the subjects. The difference between those two groups 
of respondents is not evident. However, it is definitely that people 
who carry out higher activities will have quite different TSV 
compared with people who are just sitting or standing.  
Page 118 Fig 
6.4 
It is to be noted that -2 on PMV-PPD and TSV-PD curves are quite 
different as a thermal sensation expressed by respondents. -2 on 
TSV-PD may at best be a low ambient temperature of 24oC while 
-2 on PMV-PPD may well be 20oC or even lower. 
 Actually, -2 on PMV-PPD and TSV-PD curves have the same 
thermal sensation indication, which means “cool” according to 
ASHRAE 7-point scale. However, -2 on TSV-PD corresponds to 
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the temperature of about 24oC while -2 on PMV-PPD may be 20oC 
or even lower. 
For people in Singapore, a temperature of 24oC would make them 
feel “cool”. However, for people in cold or temperate climate, 
perhaps a much lower temperature is needed to make them feel 
“cool”. That’s exactly why PMV-PPD curve cannot be applied to 
evaluate urban human comfort in hot and humid climates. 
Page137 
Section 7.3.1.2 
How were the TSV for the 30 points obtained? 
 It includes two steps: 
Firstly, the microclimatic variables, i.e. air temperature, mean 
radiant temperature, wind speed and relative humidity for the 30 
points at Shenton Way and 16 points at Bedok were obtained from 
ENVI-met simulation. 
Secondly, the obtained microclimatic variables were put into Eq. 
(6.3) to calculate the TSV values (Page 125-126, Section 7.1.3 
and Section 7.1.4). 
Pages 138-147 
Figs 7.17. 7.23 
and 7.29 
How useful are MTSV values? Not much difference is seen in 
these values in Fig 7.24. 
 The MTSV is used to make an overall or average evaluation of the 
whole study area. I also illustrated TSV values at different points, 
but I am afraid the graphs are difficult to read because some curves 
were overlapped. So in order to present the result more clear, I use 
the MTSV values. 
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Even a small decrease of MTSV could represent a great 
improvement in outdoor thermal comfort. 
Page 160 Thermal adaptation is stated as the reason for Changsha 
respondents being more tolerant than Singapore respondents under 
hot condition. How about expectation? 
 Expectation is one type of thermal adaptation. Thermal comfort is 
affected by various psychological and behavioural factors, 
including thermal experience, comfort expectations, perceived 
thermal control, culture and duration of exposure (Brager and de 
Dear, 1998; Nikolopoulou et al., 2001; Nikolopoulou and 
Steemers, 2003). These contextual factors are collectively referred 
to as "thermal adaptation" (Page 25-28). 
General English (spelling and grammar) needs to be improved in several 
places in the thesis. Some of those that I have spotted are marked 
in the thesis-Page Numbers (), 10, 13, 15, 18, 32, 40, 46, 49, 58, 
68, 74, 77,94,95,102,104,119,161 
 Sorry to have so many errors. I have carefully checked the spelling 
and grammar of my thesis. 
Reference Please check for the latest versions of Standards (eg. ASHRAE 
Standard 55-2010) and correct names of authors. 
 ASHRAE Standard and ISO Standard have been updated to the 








General My main criticism relates to strong conclusions being drawn from 
the data when the statistical significance does not warrant it. The 
worst example occurred where preferred temperature was 
estimated from the intersection of opposite probit models ("want 
cooler" and "want warmer"). 
 The statistical significance has been carefully checked for all the 
conclusions.  
The results related with preferred temperature are not statistically 




I don't think Singapore’s climate characteristics belong in the 
Literature Review. Usually they go in the Methods, but you could 
also shift to Intro where the context of the research problem is 
being described. But it is not literature, that’s clear. 
 I agree with you that Singapore’s climate characteristics is not 
literature review. I have deleted this section. The climate 
characteristics is simply mentioned in Chapter 1 (Page 2, 2nd 
paragraph) and detailed described in Chapter 5 (Page 79, 3rd 
paragraph). 
General The significance of the research problem is self-evident, but the 
commercial significance may not be so obvious. How does thermal 
comfort in urban spaces affect business, like tourism? Mention of 
this sort of stuff should go into the 1st paragraph on p. vii. 
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 Yes, thermal comfort in urban spaces can affect tourists' 
satisfaction of a place, and thus influence the tourism industry. In 
regions like Singapore, where tourism is an important source of 
income and outdoor activity is expected in most places of 
attractions, outdoor thermal comfort is a crucial issue. 
The above explanation has been added to 1st paragraph on page 
viii. 
General Also the study is focused on Singaporeans, but in terms of 
commercial impacts of thermal comfort, I would think the tourism 
sector would have to be a main concern. Discussion of the thermal 
comfort of tourists in Singapore, and the implications of this thesis 
for the tourism sector could be elaborated in the introductory 
chapters and also the discussion and conclusions. 
 Thanks for the suggestions. However, no substantial climate 
tourism information has been presented in my thesis. Thus, the 
commercial impacts such as for tourism industry was not 
discussed in the thesis. 
Page 3 How did Hwang and Lin 2007 define “tolerant”? 
 According to Hwang and Lin (2007), "tolerant" means occupants 
decrease their thermal comfort requirements and reduce their 
expectations of thermal comfort.  
Page 5 line 6 This is not “sociological”. Try “environmental psychology”. 
 "Sociological" has been changed to “environmental psychology”. 
Page 5 2nd 
paragraph 
Surely the main reason for paucity of studies on this topic is the 
difficulty in getting human subjective comfort data 
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(questionnaires). In my opinion more effort has been put into 
modelling urban thermal comfort (the indices) because that's 
relatively easy compared to talking to human subjects with a 
questionnaire! So the candidate is applauded for doing it the hard 
way. 
 Thanks for your support. I have added the above reason to Page 5, 
last paragraph. 
Chapter 2 Page 
10 
The thesis overlooked a very relevant paper on a human thermal 
comfort climatology of Singapore by de Dear in the Singapore 
Journal of Tropical Geography, V.10(1), pp.13-26. 
 Thanks for the suggested paper. It is a very relevant paper that I 
have ignored. 
de Dear, R.J. (1989) Diurnal and seasonal variations in the human 
thermal climate of Singapore. Singapore Journal of Tropical 
Geography, 10(1), 13-26. 
I have quoted this paper in my thesis (Page 79, 3rd paragraph). 
Section 2.2.3 Section 2.2.3 is about the outdoor thermal indices. It reviews many 
indices but fails to mention the key limitation in all of them-they 
are based on assumptions of thermal steady-state between subject 
and microclimate. Steady state is a rare occurrence in outdoor 
exposures, so here's a limitation in the outdoor comfort indices. 
 Sorry I did not clarify this limitation clear in my thesis.   
Yes, the key limitation of all the mentioned indices is that they are 
based on assumptions of thermal steady-state between subject and 




Section 2.2.3 PET is a widely used index in this topic area yet it has no 
empirical calibration against human subjective thermal 
assessments. 
 I have added this limitation. But I have to say that Lin and 
Matzarakis (2008) have reported subjective thermal perception 
under different PET ranges in Taiwan. 
Page 31 2nd 
paragraph 
2nd paragraph refer to 2 residential quarters. Where were they? 
Ground level of elevated? why does albedo affect comfort in 
apartments? Reflected insolation? 
 The two residential quarters are in Shanghai, China. The field 
measurement was carried out in outdoor spaces surrounding the 
two residential quarters. 
Yes, albedo affect comfort in apartments because of the reflected 
insolation. Increasing albedo of ground and wall surface can 
increase the indoor heat gain because of the increased solar 
radiation being reflected indoors through windows. 
Page 36 The omission of anthropogenic heat from ENVI-met is a serious 
limitation in settings like Singapore where waste heat from A/C 
represents a significant component in the urban-canyon heat 
balance. 
 Thanks for the reminder.  
Yes, a serious limitation of employing ENVI-met in Singapore 
context is its inability to simulate anthropogenic heat which might 
cause sharp temperature rise in reality but cannot be reflected in 
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the modeling process. The omission of anthropogenic heat could 
possibly be one of the reasons that air temperature was 
underestimated by ENVI-met during daytime (Chapter 7, Section 
7.2). 
I have added this limitation to this section (Page 36, 3rd 
paragraph).  
 Page 36 Page 36 talks about the "knowledge gap". It frames the discussion 
in terms of Singapore, but I think the candidate should extend 
findings beyond Singapore to similar climate regions (Singapore is 
a relatively small population). Does this study extrapolate to the 
equatorial climates? Hong Kong in summer feels like Singapore so 
maybe the sub-tropics are partially included as well? The main 
point is that these climate zones are where population growth is 
taking off. 
 I think this study can be extrapolated to the equatorial climates 
(e.g. Indonesia, Sri Lanka, Malaysia) and Hong Kong in summer. I 
know Prof. Edward Ng in Chinese University of Hong Kong and 
Prof. Rohinton Emmanuel from Sri Lanka have done some 
outdoor thermal comfort research. The neutral temperature in 
Hong Kong and Singapore is similar. I have put the extrapolation 
of this study to Recommendations (Section 8.3, Page 161). 
Page 41 The thesis claims it is not attempting to validate ENVI-met, but I 
find this an important issue. If the methods described in this thesis 
are to be useful in practice, the meteorological simulations need to 
be reliable with useful predictive skill. Do we think ENVI-met 
meets this criterion in Singapore? 
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 Sorry I did not make my point clear.  
Actually ENVI-met simulation has been validated in my thesis 
(Chapter 7, Section 7.2, Page 126-132).  
I have changed the caption of Section 7.2 to Validation of 
ENVI-met simulation. 
The following two paragraphs have been rewritten in Section 7.2. 
"The hourly-based metrological parameters including air 
temperature, relative humidity, wind speed and globe temperature 
on 27 April 2012 for the two sites were extracted from field 
measurements database to validate the ENVI-met simulation. It 
should be noted that there was an error for the relative humidity 
readings at some points during the measurement period. Besides, 
not all of the measured points had wind speed and globe 
temperature readings due to equipment limitation. However, 
compared with previous studies which validate ENVI-met based on 
only one point or one parameter (usually the air temperature) 
(e.g., Emmanuel et al., 2007; Wong et al., 2012; Kakon et.al., 
2009; Peng and Jim, 2013), this study provides a more reliable 
validation of ENVI-met simulation. " 
"Despite some discrepancies between measured and simulated 
results, the above validation process rationalizes the use of 
ENVI-met to simulate the urban microclimate of the study areas in 
this study. However, this study only investigated the outdoor 
thermal comfort during the daytime. The comparison of different 
urban design scenarios was based on 3pm because 3pm was the 
hottest time according to the measurement and simulation results. 
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Besides, the simulated and measured results at 3pm has the 
smallest differences for all the microclimatic parameters. The 
nighttime outdoor thermal comfort of the study areas was not 
analyzed because the nighttime simulated results showed large 
discrepancies with the measured results." 
Page 43 Those plastic louvered radiation shields usually don't work; they 
absorb too much solar radiation in high radiation situations 
(say>800W/m2), heating up well above air temperature, then 
re-radiating that absorbed heat inside, affecting the temperature 
readings. If that were the case with your radiation shield, what are 
the implications? 
 Most of the study areas are in shaded conditions, where solar 
radiation are less than 800 W/m2. Thus, those plastic louvered 
radiation shields would not affect the temperature readings too 
much. 
Page 44 What is the diameter of the globe thermometer? 
 The diameter for AZ8778 globe thermometer is 75mm and the 
diameter for customized globe thermometer is 40mm. I have added 
the diameter values (Page 45, 1st paragraph). 
Page 45 1st  
paragraph 
Pyranometers measure shortwave. Short wave is reflected (not 
emitted), as written in thesis."......which is a combination of direct 
and diffuse solar radiation and the solar radiation reflected from 
the surroundings".  
 Sorry for the mistake. This sentence has been rewritten as "Both 
the pyranometers tracked global radiation, which is a combination 
of direct and diffuse solar radiation and the solar  radiation 
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reflected from the surroundings"(Page 46, 1st  paragraph). 
Page 47  Resolution of the scanning is insufficient-the footnotes to this table 
are illegible. 
 This table has been revised to a clear version (Page 47, Table 3.1). 
Page 49 PET assumes clo=0.9 which is ridiculous for Singapore. What are 
the implications for the PET calculations Singapore? 
 I am aware that PET assumes 0.9 clo constantly. I think the actual 
PET in Singapore should be higher than the calculated results 
because the clothing is lower in Singapore and it requires higher 
temperature to maintain human heat balance. But I also think that 
the clothing level does not change PET values too much because 
Höppe (1999) has made the following statement:  
"It should be noted that PET does not take clothing or activity into 
account. However, this does not essentially restrict its 
applicability, as the variation of clothing and activity-if varied 
equally outdoors and in the reference indoor climate-does not lead 
to significantly different PET values (Höppe 1999)" (Page 49, 2nd 
paragraph). 
Page 50 There is a misunderstanding of operative temperature. There is no 
role for airspeed (v) in the calculation, other than the estimation of 
mean radiant temperature, because the convective heat balance 
needs to be removed before radiant component can be estimated. 
Hence the presence of v in the MRT calcs. Rewrite page 50 so it is 




 Thanks for explanation. This part has been revised according to 
Chapter 9 of the 2009 ASHRAE Handbook—Fundamentals (Page 
49-50). 
Page 65 2nd 
paragraph 
There are major errors. I think "cooler" on line 2 of this paragraph 
needs to be switched with "warmer" on line 3. You have no idea 
where preferred temperature is because one of the two probit 
models failed to reach significance. One thing is sure - the 
preferred temperature in this study is not 26.5oC as claimed. 
Therefore the whole of Section 4.6 is in fundamentally wrong. 
Also Table 4.7 is a bit confused; a significant Chi-square value 
indicates the probit model was insignificant and vice versa, right? 
The text referring to this table needs to be made consistent with the 
interpretation of statistical significance. 
 I realized my mistake of presenting unreliable results without 
considering the statistical significance. I have removed the all the 
results related to preferred temperature. 
Figure 5.1 Figure 5.1 has two statistical models plotted on it but it is pretty 
clear to the casual observer that there is no significance in the 
difference. Yet on Page 73 there is discussion as if these 
differences in models were real "...the AC group had a slightly 
higher TSV than the NV group, suggesting the NV group were 
more tolerant to heat stress in outdoor spaces." Unfortunately this 
sort of discussion is meaningless until you  establish the 
significance of statistical differences. It is a recurring problem 
throughout the thesis, so the candidate needs to read the entire data 
analysis section again with a view to eliminating unsubstantiated 
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generalizations and conclusions. 
 Actually I have performed the statistical analysis. 
Mann-Whitney test shows the thermal sensation vote was 
statistically different (P < 0.001) for respondents who previously 
stayed at AC and NV spaces (Page 73, 2nd paragraph). 
Page 76 There is discussion about the effects of drinking cold drinks but 
the logic is flawed. If one imbibes cold drinks, the total heat 
content of the body is reduced, so the neutral environmental 
temperature will increase, not decrease as the candidate suggests. 
If the hypothesis about cold drinks were correct, Song's sample 
should have had a warmer neutrality than this Singapore study not 
cooler. 
 Indeed, my logic is wrong. 
Song's study is quite interesting. I think the need for lower neutral 
temperature is because of the consumption of food. I have deleted 
the cold drinks statement (Page 76, 1st paragraph). 
Page 76 Table 
5.2  
Table 5.2 has overlooked several early studies on thermal comfort 
in Singapore by de Dear, Leow, Wong, Ameen et al. There is a 
climate chamber study on referred temperatures of Singaporeans, 
and some basic field studies in HDB residential blocks (published 
in ASHRAE Transactions and International Journal of 
Biometeorology). 
 The climate chamber study was not compared with my study 
because I think climate chamber study cannot represent the real 
thermal conditions that people experience in their daily life, and 
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thus the result from chamber study may not be reliable. 
The field experiment conducted in naturally ventilated HDB 
residential blocks by de Dear et al. (1991) (published in 
International Journal of Biometeorology) has been added to Table 
5.2 for comparisons (Page 76).  
Page 77-78 Last 
paragraph of 
Section 5.2 
There is detailed discussion of the preferred temperature at 26.5oC 
but this is not an accurate estimate (no statistical significance on 
one of the two probit models used to derive it), so the whole 
paragraph is unsupported by the data. 
 I have deleted this part. 
Page 80 I'm not sure about the units being used in relation to global 
radiation on Page 80? What are Wh/W2? I would've expected 
Wh/m2. It happens in 1st and 2nd paragraphs on Page 80. 
 Sorry for the mistake. The unit should be Wh/m2.  
Page 83 and 
Table 5.5 
I doubt the difference between Singapore and Changsha's mean 
wind speed is statistically different. 
 Yes, you are right. The difference of wind speed is not statistically 
different (p=0.975>0.05). The difference of other microclimatic 
parameters are all statistically different (P<0.001).  
I have added this sentence: "The differences of the above 
microclimatic parameters between Singapore and Changsha were 
all statistically different (P<0.001) except for the wind speed, 
which was not statistically different (p=0.975>0.05)." (Page 83, 
2nd paragraph). 
Page 87 I like the concept of Table 5.6 but I wonder if it was sensible to try 
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fitting a regression model to the votes in the >36 oC bin? Surely in 
those warm temperatures you would have had no votes of neutral. 
Every introductory statistics textbook will emphasize the 
importance of confining the scope of a regression model's 
application to the range of x-values used to fit the model. i.e. no 
extrapolating beyond the range of your data. 
 Indeed, it is impossible to have neutral thermal sensation votes 
with PET more than 36oC. Thus, the analysis of PET>36 oC is 
meaningless. I have deleted this temperature bin (Page 86-87, 
Table 5.6). 
I also added this sentence: "Thus, cases with PET higher than 
36°C were not included in this analysis because it is impossible to 
have a neutral thermal sensation under such high temperatures." 
(Page 86, last sentence, 2nd paragraph). 
Page 87 2nd 
paragraph 
2nd paragraph you suggest Changsha respondents became less 
sensitive to wind speed with increasing PET. I disagree with this – 
I suspect it is more simply the case that the respondents were 
running out of room on the sensation voting scale in hot 
environment (i.e. there is a phenomenon called "end-point effects" 
in psychometrics). 
 This statement is problematic. I have deleted it. 
Page 91 1st line Why 88% and not the usual 80% like in ASHRAE? 
 Actually I was also wondering why I choose 88% rather than 80%. 
I remember that the 88% acceptability limit was chosen in order to 
make a comparison with Taiwan. The thermal comfort range of 
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Taiwan is determined based on the 88% acceptability.  
I will go back to the usual 80% thermal acceptability specified in 
ASHRAE. This section has been modified fundamentally. 
This section has been rewritten as (Page 90-91, Section 5.3.6 
Comparison of acceptable PET range): 
"Figure 5.8 shows the relationship between percentage of 
unacceptability and PET for both Singapore and Changsha. 
ASHRAE Standard 55 (ASHRAE, 2010) specifies that acceptable 
thermal conditions must be acceptable to at minimum 80% for 
typical applications. As shown in Figure 5.8, the 80% acceptability 
limits are the intersections of the fitted curve and the 20% 
unacceptability line, which was 32.5°C and 33.7°C for Singapore 
and Changsha respectively. The result indicates that PET less than 
32.5°C would be regarded as acceptable in Singapore and PET 
less than 33.7°C would be regarded as acceptable in Changsha. 
Since the cold discomfort is hardly to occur in tropical climate of 
Singapore or in the summer season of Changsha, no lower 
temperature limit was assigned for the acceptable range. The 
upper limit of acceptable PET for Changsha was 1.2°C higher 
than that for Singapore, suggesting Changsha respondents were 
more tolerant with hot conditions. 
It should be emphasized that the acceptable PET range for 
Changsha can only be used for evaluation in the summer season. 
During other seasons, the outdoor climate condition and 
occupants' thermal sensation would be different. As a result, the 




Page 91  You say the PET neutral range starts at 24oC. I think it is pretty 
clear it goes down lower than that but you don't have any PET 
observations lower than 24oC. But here again you make 
conclusions that aren't supported by your data. 
 Indeed, I do not know the lower temperature limit because I do not 
have PET less than 24oC.   
This section has been modified fundamentally. I added a new 
section with the caption of "Local thermal comfort criterion for 
PET". 
This section has been rewritten as (Page 91-93) : 
5.3.7 Local thermal comfort criterion for PET 
Matzarakis and Mayer (1996) calculated PET ranges for 
corresponding thermal sensation level based on questionnaires of 
Western/Middle Europeans (Table 2.2). Previous studies have 
demonstrated that thermal comfort range for a particular region 
may not be applicable to other regions (Lin and Matzarakis, 2008; 
Hwang et al., 2011). People could have different thermal sensation 
levels in different climate context, despite their having identical 
values of thermal indices (Lin et al., 2011). It is suggested that 
future studies using PET as an indicator of human thermal 
perception should adjust the original ranges proposed to reflect 
local realities (Krüger et al., 2013).  
In this study, PET ranges for different grades of thermal 
perception for Singapore and Changsha were determined on the 
basis of the regression equations (Eq. (5.1) and Eq. (5.2)). As 
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suggested by Matzarakis et al. (1999), thermal sensation within 
the range of " -0.5 to +0.5" corresponds to "comfortable, no 
thermal stress", "+0.5 to +1.5" corresponds to "slightly warm, 
slight heat stress", "+1.5 to +2.5" corresponds to "warm, 
moderate heat stress", etc. Based on the above classification, the 
thermal sensations and PET classes can be calculated for 
Singapore and Changsha.  
Table 5.7 shows the thermal sensations and PET classes for 
Singapore and Changsha. The results are compared with the 
classifications in Taiwan (Lin and Matzarakis, 2008) and 
Western/Middle European (Matzarakis and Mayer, 1996). In this 
study, due to the small portion of TSVs clustering on the cooler 
side and no PET was observed under 24oC, PET ranges for 
"slightly cool", "cool", "cold" and "very cold" thermal sensation 
could not be calculated. However, some useful information can 
still be obtained from Table 5.7. It shows that the PET ranges for 
each thermal sensation scale in Singapore is similar to that in 
Taiwan and higher than that in Western/Middle European. Besides, 
people in Changsha showed their higher tolerance of higher 
temperatures compared with people from other places.  
The thermal sensations and PET classes for Singapore can be 
applicable for other similar tropical regions where the cool/cold 
discomfort rarely occurred. The PET range for “neutral” thermal 
sensation is 26-30°C and the PET range for “warm” thermal 
sensation is 35-39°C. PET higher than 43°C is considered as 




The above analysis corroborates that people in different climate 
regions have different comfortable PET ranges. Besides, the same 
PET value has different thermal sensation meanings to people in 
different climate regions. PET ranges for different thermal 
sensation level should vary according to the conditions people are 
mostly exposed to. Therefore, PET should be carefully used in the 
urban design process.  
Page 92 Table 
5.7 
And same issue in Table 5.7 – you have no idea what the range of 
PET is for "slightly cool" in Singapore and Changsha because you 
have no data in that 20-24 oC range. Parts of that Table are little 
more than guesswork. 
 I have made major modifications for this part (see last response). 
Section 5.3.7 Section 5.3.7 on preferred temperatures is pointless because you 
don't know what preferred temperatures are (statistically 
insignificant findings on one of the two curves renders the analysis 
futile). The whole of section 5.3.7 is wrong.  
 I have deleted this part. 
Page 102  Should not use Ta and RH together in the same regression because 
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RH is a function of Ta (not independent). The usual solution is to 
use Pa or Mixing Ratio instead of RH. This recurs through the 
thesis. 
 I have included vapour pressure (hPa) to represent humidity in the 
outdoor thermal comfort modeling (Page 103, Page 113-114). 
Page 120 Fig. 
6.6 
Page 120 in Fig 6.6 there is a graph of PREDICTED percentage 
dissatisfied on SURVEYED percentage dissatisfied. The five data 
points are close to the regression model so the R2=95%. But the 
gradient is a long way from unity (0.69) which means the function 
systematically underestimates predicted dissatisfied. e.g. when 
PPD is 60% the surveyed PD is 82% (according to the graph in Fig 
6.6). This is an important criticism in the logic of this chapter so it 
needs to be all done again. 
 Thanks for the reminder. Indeed, Fig 6.6 is problematic. I validated 
the PD model in a wrong way. Actually, the percentage of 
dissatisfaction should be calculated in a certain thermal 
environmental condition. I validated the PD prediction without 
considering thermal conditions. I only used five points to valid the 
model and it is wrong. I have used another approach to validate the 
model (Figure 6.4, Page 118). 
Chapter 8 
Conclusions 
First objective–the statement about preferred temperature is 
wrong. You can't say what the preferred temperature was in this 
study. 








Page xv Add units in the list of abbreviations 
 Units has been added (Page xvi). 
Chapter 1 It has to be clear that outdoor thermal comfort (also in tropical 
areas) is not a new topic and has to be stated with a 
comprehensive summary of works completed in the last decades 
(for tropical and moderate climates). The used references do not 
cover all relevant parts of outdoor thermal comfort (I recommend 
to include literature search on scopus, urbanclimate.net and urban 
climate news) 
 Thanks very much for the comments and information about where 
to search the references. I have added more relevant literatures to 
Chapter 1 (Page 1-2) and Chapter 2. 
Chapter 1 The influencing factors of urban climate and micro climate on 
thermal comfort and urban spaces have to be explained and 
comprehensive. Author mentions that less works have been 
produced in tropical climates. Here studies from Africa and South 
America have to be included. Studies on thermal comfort did not 
start in the 21st century but in the 80ies of the 20th century. See 
first (original) definition of PET by Mayer and Höppe (1987) and 
other relevant works. 
 The influencing factors on human thermal comfort has been 
briefly explained in Chapter 1. Besides, Chapter 2 Section 2.2 
gives a detailed explanation of influencing factors on outdoor 
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thermal comfort (Page 22-28).  
Indeed, I overlooked studies from Africa and South America. 
Some studies in these two areas have been added such as Krüger 
et al. (2013), Ali-Toudert et al. (2005), Ndetto and Matzarakis 
(2013) and Omonijo et al. (2013). 
The early works conducted by Mayer and Höppe (1987) and other 
pioneers have been mentioned in Chapter 1.  
Chapter 1 Used methodology concerning the models: It has to be clear when 
writing about models, what kind of models are defined, used and 
applied. 
 The relevance of ENVI-met to the present study has been 
discussed in detail in Chapter 2 (Page 33) and Chapter 3 (Page 
42). 
Chapter 1 The necessity of micro scale models has to be described in detail. 
Also it has to be clear about the selection of specific used model 
(esp. ENVI-met). Not only the possibilities of the used micro 
scale model has to be described but also the limitations, 
inaccuracies etc. 
 The necessity of micro scale models has been described in 
Chapter 2 (Page 32-33). The reason for selecting ENVI-met to 
simulate the microclimate has been explained in Chapter 3, Page 
42, 2nd and 3rd paragrapgh.  
The limitations of ENVI-met simulation has been described in 
Page 35-36. 
Page 7 Author writes: This study evaluates the effect of urban design on 
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outdoor thermal comfort by applying ENVI-met simulation(s). 
However, the detailed calibration of ENVI-met is beyond the 
scope of this study. 
Remark: not calibration is needed but validation of the model and 
measurement and discussion of limitations of models. In addition, 
it has to be clear that the used model can only be used for hot spot 
analysis in the temporal and spatial dimension in the micro scale. 
There is no possibility for general  quantitative assessment of 
climate conditions. This has to be stated and explained in the 
study. 
 ENVI-met has been validated in this study (Section 7.2 
Validation of ENVI-met simulation, Page 126-132). 
Indeed, ENVI-met cannot be used for general quantitative 
assessment of climate conditions. This study only use ENVI-met 
to generate the microclimatic variables (air temperature, mean air 
temperature, relative humidity and wind speed) in the selected 
urban spaces. The assessment of thermal conditions is based on 
the outdoor thermal comfort model proposed in Chapter 6. 
Chapter 2 It has to be mentioned that the scale of PMV and general PMV is 
valid only for indoor environments and has strong limitations 
(because of based philosophy and thermal comfort equation) for 
every hot conditions.  
 Thanks for the reminder. This part has been rewritten as (Page 10, 
2nd paragraph):  
"Although PMV-PPD index has become the most commonly used 
comfort index in the field of human thermal comfort, it is 
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prescribed for indoor conditions especially for the air conditioned 
conditions. PMV is at its best when the mean indoor temperature 
is in the region of 21-25oC (Humphreys et al., 2007). It has been 
reported many times that PMV overestimates the subjective 
warmth in hot climates (e.g., Wong and Khoo, 2003; Humphreys 
et al., 2007; Zhang et al., 2007). Moreover, PMV is based on 
assumptions of thermal steady-state between subject and thermal 
environment. It is not suitable for outdoor thermal comfort 
prediction because of the variable thermal environment under 
outdoor conditions".  
Page 14 Table 2.2 is valid only for 0.9 clo and activity of 80W. 
 Yes. PET assumes a constant 0.9 clo of clothing level and 80 W of 
activity level for different person (Höppe, 1999). It has been 
discussed in Page 12, last paragraph.  
Page 14-15 Author writes PET is not calibrated for the tropics. This is not 
correct. See Lin and Matzarakis (2008). 
 Yes, Lin and Matzarakis (2008) has reported subjective thermal 
perception under different PET in Taiwan (see page 91-93). 
 "Tropical climate" has been changed to "Singapore".  
This sentence has been rewritten as (Page 13, 2nd paragraph): 
"However, the PET index has not been widely calibrated against 
subjective comfort votes, and consequently the comfort ranges in 
Singapore is not known." 
Page 15-16 Finally UTCI is a regression equation, based on statistical 
relationships on the Fiala model. This has to be stated. 
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 The above statement has been added. 
Table 2.3 Studies from Szeged, Freiburg [...] are missing 
 Sorry that the literature review was not thorough. Typical field 
studies carried out in Szeged and Freiburg has been added (Table 
2.2, Page 18-21) .  
Page 24 Ta is most important only for indoor conditions. Please check 
references about importance of meteorological parameters on 
thermal perception and thermal comfort. Esp. importance of Tmrt 
for summer conditions. 
 Indeed. Tmrt is more important in outdoor conditions in hot 
conditions. This part have been rewritten (Page 23-24). 
Page 24 Humidity influences has to be separated in relative humidity and 
vapor pressure/absolute humidity effects and influences. 
 The effect of relative humidity and vapour pressure has been 
discussed in detail in Page 100, 3rd paragraph and thus not 
repeated here. 
Chapter 2 Please replace heat balance with energy balance. 
 Energy balance has been replaced. 
Page 29-30 Aspects of urban design, H/W etc. and thermal comfort are not 
considered comprehensive. Herrmann and Matzarakis (2012) Int. 
J. Biometeorology is missing. 
 This paper has been added (Page 31, 3rd paragraph). 
Section 2.5 Here the relevant micro scale models for thermal comfort – 
RayMan, SOLWEIG etc. have to be included. Limitation of 
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ENVI-met 3.1 have to be stated and described. 3.1 has limitations 
in heat storage, which is relevant. This has to be stated. 
 The relevance and limitation of ENVI-met used in this study has 
been discussed in detail in Section 2.4 and Section 3.2. 
Chapter 3 In my opinion the Changsha comparison is less relevant in the 
framework of the thesis. Is the validation data for Changsha 200 
or 2000? 
 The comparison with Changsha is targeted to explain the human 
thermal adaptation to local climate, which is an important 
conclusion in my thesis.  
The validation data for Changsha is 200. 
Page 42 Instrumentation and instruments have to be described/shown 
according to their possibilities their limitations and if there have 
been comparisons with official measurement. 
 The instruments used for the survey were selected so as to be 
sufficiently accurate, yet easily movable during the site visit. 
Accuracy ranges of the used instruments are in agreement with the 
recommendations of ISO 7726. Up to date, there is no official 
instruments for outdoor thermal comfort measurement. The 
methodology of outdoor thermal comfort investigations should be 
standardized (Kántor et al. 2012b). 
All the instruments have been calibrated before the field 
campaign. 
Chapter 3 Please explain the meaning/importance of precipitation 
measurement in the study. 
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 There is no precipitation measurement in this study. No 
precipitation data was used for analysis in the study. 
Chapter 3 The measurement part is very limited and not comprehensive. 
 Since my thesis consists of two major parts (outdoor thermal 
comfort modeling and effect of urban design on outdoor thermal 
comfort), and each part used different instruments for field 
measurement, it will be very hard to compile them together 
without causing confusions. Thus, I just simply present all the 
instruments used in the field measurement in Chapter 3. The 
detailed methodology is presented separately in Chapter 4, 5 and 
7. 
Chapter 3 Tmrt is calculated and used based on RayMan model. This means 
that RayMan is essential for the study. Why is not incorporated in 
Chapter 2? 
 Tmrt was estimated using the globe temperature methods 
(Thorsson et al., 2007). I only used RayMan to calculate PET. 
Chapter 3 In general Fish-eye is described but not explained, why this is 
important (also Sky View Factor). 
 Fish-eye photos were taken and SVF was calculated at some 
places in this study. However, these data information of SVF was 
not used for the data analysis in my thesis. It is used for the data 
analysis by other students.  
Chapter 3 Micro climatic aspects have to be stated clear and comprehensive. 
 The microclimatic variables measured in this study have been 
described in Section 4.2, Section 5.3.1.2 and Section 5.3.2. 
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Table 3.1 Table 3.1 is of low quality. Author should think about 
summarizing this table. 
 Table 3.1 has been changed to high quality (Page 47). 
Section 3.5.3  3.5.3 relevance of OP outdoors? 
 This study also used operative temperature in order to make it 
comparable with indoors and semi-outdoors because almost all the 
studies used operative temperature as thermal index. 
Chapter 4 
General 
Micro climatological quantification of the used study areas is 
missing. Consider SVF, Albedo, Bowen ration, Fish-Eye picture 
etc.  
 The above factors were not measured in this study because these 
factors were not needed based on the objectives of this study. 
Section 4.2 Explain the meaning and importance (Table 4.5) and the 
importance of max and min for the conditions. 
 The meteorological parameters presented in Table 4.5 are the 
basic data for the thermal comfort study. The data analysis like 
neutral temperature and thermal comfort modeling are based on 
meteorological parameters. 
The range of the meteorological parameters (max and min) can 
give a better understanding of what kind of thermal environments 
people are experiencing in urban spaces in Singapore. 
Section 4.3 Separation of thermal sensation and air temperature. Only thermal 




 Only the general thermal sensation was evaluated in this study. 
Thermal sensation is different from air temperature perception. 
Thermal sensation is meant to evaluate the overall comfort of a 
space while air temperature perception is only correlated with air 
temperature.  
Section 5.3 Check relevance and importance of 5.3 Comparative analysis 
considering Changsha. If required. See above. 
 As mentioned before, the comparison with Changsha is aimed to 
explain the human thermal adaptation to local climate, which is an 
important conclusion in my thesis. 
Table 5.8 Table 5.8 is not comprehensive – please consider more relevant 
works from Szeged, Israel, etc. 
 More relevant works from Szeged, Israel, etc. have been added to 
this table (Page 95, Table 5.8). 
Chapter 6 
Section 6.2.1 
Usually for thermal comfort issues not relative humidity but 
vapour pressure is required. Please explain why RH is used here. 
 Humidity is often measured in terms of relative humidity because 
of the availability of convenient instruments and because relative 
humidity is more understandable to engineers and urban 
designers. 
I have also included vapour pressure to represent humidity to 
conduct the analysis (Page 103, Page 113-114). 
Chapter 6 Question: In Tmrt is mostly based on/driven by difference to Ta. 
How to escape from this dilemma? Is Tmrt the appropriate 




 I use Tmrt becasue Tmrt is a combination effect of short-wave and 
long-wave radiation. Global radiation can only represent the 
short-wave radiation. As to surface temperature, since the effect of 
surface temperature on human thermal comfort can barely be 
found in the literature, I did not use it in the regression analysis. 
In order to avoid the multicollinearity, I used stepwise multiple 
linear regression. The predicted variables were entered into the 
regression step by step, to make sure each variable was 
statistically significant in the final regression equation. 
Chapter 6 Is equation 6.2 valid for all thermal conditions? 
 Since most of the field surveys were conducted in shaded areas,  
Eq. (6.2) may not be applicable to urban spaces with very high 
solar radiation. 
Chapter 6 What about when skin/clothing temperature is higher than air 
temperature? Page 108, first paragraph? – is this valid for all 
conditions? 
 The regression model is only valid for ordinary conditions.  
Chapter 7 and 
Annex  
Was there no possibility to use outputs of ENVI-met simulations 
and run RayMan in order to get thermal indices like PET, UTCI 
etc? 
 Since PMV-PPD index has been incorporated into ENVI-met, 
PET and UTCI can also be integrated. Actually, ENVI-met 4.0 is 
expected to use PET as the thermal index. However, PET and 
UTCI should be calibrated against human subjective thermal 
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assessments before being put into use. 
Fig 7.8 Fig 7.8 as it can be seen from Fig 7.8 there is a huge difference in 
the model and measurement.  
Question: is ENVI-met appropriate for wind speed lower than 
1m/s? 
 ENVI-met is not quite accurate for the low wind speed condition 
(below 1m/s).  
Since wind speed is a secondary factor affecting outdoor thermal 
comfort in Singapore, the impact of wind speed inaccuracy from 
ENVI-met can be reduced to a lower level. 
Chapter 7 Limitation and reason of 5m horizontal resolution should be 
discussed. 
 The grid size of 3m, 4m and 5m have been used for both 
horizontal and vertical direction. However, it shows that  higher 
resolutions did not improve the accuracy of the model despite the 
added processing time and model complexity. 
Therefore, 5m grid size for Shenton Way and 4m grid size for 
Bedok were ultimately chosen. 
Chapter 7 Figures – relative humidity is the inverse of Ta – use vapour 
pressure instead. (see Chapter 6.2.1) 
 Vapour pressure has been used to conduct the analysis (Chapter 
6, Section 6.2). 




 Thanks for the suggestions. But it is a big project to couple 
ENVI-met with TSV prediction model. Due to time constraint, 
only 30 points for Shenton Way and 16 points for Bedok were 
selected to represent the whole study area. The TSV figures of 
those points can give a good description of outdoor thermal 
comfort in the study areas. 
Page 120 Please avoid to run a regression based only on five points (Page 
120). The quality of the figures has to be improved and not only 
basic or default possibilities of Excel or SPSS. 
 The figure has been changed to high quality (Figure 6.4, Page 
118). 
General In general there are many typos, which has to be removed. Page 
84. RamMan. 






Oral defence  
 
The following two topics have been widely discussed in the written comments and 
hence not repeated: 
1 The effect of humidity on human thermal comfort in hot and humid climates 
(Section 4.6, Page 65-66). 
2 The difference between indoor and outdoor thermal comfort (Section 5.2, Page 
75-77). 
Locations Comments 
General Metabolic rate will affect human thermal comfort in urban 
spaces. 
 This study only considers people who are sitting or standing as 
subjects. Besides, the respondents needs to stay at the outdoor 
spaces for at least 10 mins before the interview. Therefore, there 
is no much metabolic rate difference between the respondents. 
General Do you observe any thermal adaptation differences (adaptive 
behaviors) between Singapore and Changsha during the field 
survey? 
 No obvious difference has been observed in the field survey. 
However, the female respondents in Changsha adapted to the 
outdoor thermal environment by local shading (e.g. opening 
umbrellas). 
General Do you have any design suggestions for the transition spaces in 
order to achieve thermal comfort in tropical climate? 
 Transition spaces such as foyers, lobbies, verandah, certain atria 
and ancillary spaces, take up a significant fraction of the total 
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floor area of many buildings and give rise to significant energy 
use by providing air conditioning in order to achieve thermal 
comfort. I think transition spaces can be provided with 
environmental conditions lying between indoor and outdoor 
conditions, thus these spaces can reduce the thermal shock for 
occupants moving into and out of spaces and modify thermal 
comfort expectations.  
In tropical climate, transition spaces can be provided with 
set-point temperature 2-3oC higher than the indoor conditions. 
Besides, some transition spaces can even avoid using air 
conditioner by just providing mechanic fans.  
 
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                  
